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PREFACE TO THE SERIES 


lo the course of nearly every program oi research in organic chemistry 
the investigator Sads it necessary to use several of the better-known 
synthetic reactions. To discover the optimum conditions for the appli- 
cation of even the most familiar one to a compound not previously 
subjected to the reaction often requires an extensive search of the liter- 
ature; even then a series of experiments may be necessary. ^Vhen the 
results of the investigation are published, the synthesis, which may 
have required months of work, ia usually described without comment. 
The background of knowledge and experience gained in the literature 
search and experimentation is thus lost to those who subsequently have 
occasion to apply the general method. The student of preparative or- 
ganic chemistry faces similar dt/Scul(ies. The textbooks and labora- 
tory manuals furnish numerous examples of the application of various 
syntheses, but only rarely do they convey an accurate conception of the 
scope and usefulness of the processes. 

For many years American organic chembta have discussed these prob* 
lems. The plan of compiling critical discussions of the more important 
reactions thus was evolved. The volumes of Organic Reactions are col- 
lections of chapters each devoted (o a single reaction, or a definite phase 
of a reaction, of wide applicability. The authors have had experience 
with the processes surveyed. The aubjects are presented from the pre- 
parative viewpoint, and particular attention is given to limitations, in- 
terferinginfluences, effects crfatiTJcture, and the selection of experimental 
techniques. Each chapter includes several detailed procedures illustrat- 
ing the significant modifications of the method. Most of these proce- 
dures have been found satisfactory fay the author or one of the editors, 
but unlike these in Organic Syniheseg they have not been subjected to 
careful testing in two or more laboratories. When all known examples 
of the reaction are not mentiemed in the text, tables are given to list 
compounds which have been prepared by or subjected to the reaction. 
Every effort has been made to include in the tables all such compounds 
and references; however, because td the very nature of the reactions dis- 
cussed and their frequent use as one of the several steps of syntheses in 
which not all of the intermediates have been isolated, some instances 
may well have been missed. Nerertbeles, the investigator will be able 
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to use the tables and their accompanying bibliographies in place of most 
or all of the literature search so often required. 

Because of the systematic arrangement of the material in the chapters 
and the entries in the tables, users of the books will be able to find in- 
formation desired by reference to the table of contents of the appropriate 
chapter. In the interest of economy the entries in the indices have been 
kept to a minimum, and, in particular, the compounds listed in the tables 
are not repeated in the indices. 

The success of this publication, which will appear periodically, de- 
pends upon the cooperation of organic chemists and their willingness to 
devote time and effort to the preparation of the chapters. The}' have 
manifested their interest already by the almost unanimous acceptance 
of in^^tations to contribute to the work. The editors \rill welcome their 
continued interest and their suggestions for improvements in Organic 
Reactions. 
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INTRODUCTION 

Preparation of fiul).stitutcd eyclobutanes and c 3 'clol)utcnc.s c^’clo- 
addition rcactionn of alkcnc (o nllccne and alkcne to alkyne has become 
an important s^mtlictic reaction and, in fact, wJicrc applicable, is now the 
method of choice for synthesis of four-membered carbon ring compounds. 
Such c^'cloadditions maj' be achieved thermally' under autogenous 
pressure in the presence of free-radical inhibitors or photochcmically by 
irradiation with visible or ultraviolet light. This chapter docs not include 
photochemical cycloadditions or the thermal dimerizations of ketenes 
since these have been well reviewed cl.scwhcrc.’~® 

Historically, the establishment of c^’clobutane structures for cyclo- 
addition products provides an enlightening c.\amplc of the waxing and 
waning of fashions in the interpretation of organic reactions. Some of 
the interesting and important landmarks will be brieflj' noted here.* 
First, the carlj’ work of Licbermann^ (1880) on the truxillic acids provided 
a strong measure of confidence for later workers in assigning cyclobutane 
structures to a varictj’ of c^’cloadducbs, and, when Kracmer^' discovered 
dicjTlopentadicne (1800), he suggested that it was a cyclobutane 
derivative. This was followed by proposals of cyclobutane structures 
for dimers from 1 ,5-c3’clooctadicnc (Willstiitter,® 100.5), substituted 
ketenes (Staudingcr,’ 1006-1012), unsaturated acids (Doebner,® 1907), 
and allenes (Lebedev,” 1911-1013). Publication by Staudinger’” of Die 
Ketenc in 1912 appeared to complete the conditioning of chemical thought, 
and postulation of formation of cyclobutanes by cjxloaddition reactions 
was both fashionable and respectable over the next two decades. 


^ MuHlnfa, Chem, Iiev«., 51, 1 (1052). 

• Hanford and Stinor, Ory. lieactions, 3, 108-140 (104G). 

’ Some additional material in given in reviews by Vogel, F&rlschr. chr.m. Forach., 3, 430 
(1055); K. A. Kaphael, in Rodd, CfiamUtry of Carbon Compounda, Vol. IIA, Chap. 3, Elsevier, 
1953. 

• Tin's paragraph and the following paragraph are based on a surx’cy kindly provided by 
Dr. Edwin R. Ruchmnn. 

• Lioberinann, IJer., 22, 2240 (1889); 23, 2510 (1890). 

• Kroemer and Spilker, JJer., 29, 552 (1890); Wioland, Her., 39, 1492 (1900). 

• Willfitlitter and Veroguth, Her., 38, 1075 (1005), Actually, these workers only noted 
that the formation of dimeric l,G-cycIooclndicne had a parallel in the dimerization of cyclo- 
pontadieno, and they referred to the paper by Krncmer and Spilker,® where a cyclobutano 
structure is suggested for dicyclopentadieno. The cyclobutano structure for dimeric 1,5- 
cyclooctadicno was not definitely proposed until much later by Ziegler, Sauer, Bruns, 
Froitzhcim-Kohlhom, and Schneider, Ann.^ 689, 122 (1054). 

’ Staudinger and Klover, Ber., 39, 968 (lOOG); 40, 1149 (1907); Staudingcr, J5er., 40, 
1145 (1007), and later papers. 

• Boebner, litr., 40, 140 (1907). 

» I^bcdcv, Ruaa. Phya. Chem. Soc., 45, 1357 (1913) [C\A., 9, 799 (1915)]. 

Staudinger, Die Ketene, Enkc, Stuttgart, 1012. 
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The skies darkened briefly in 1928 whmDiels and Alder'‘ demonstrated 
the generality of their reaction and sn^ested that dicyclopentadiene 
resulted from 1,4 and not 1,2 addition. However, Bergel'* in 1928 
reaffirmed faith in the cyclobutane atmctore, and comparative peace 



reigned until 1931 when Alder and Stem** proved beyond reasonable 
doubt that dicyclopentadiene actually had the bndged-rmg structure. 
With this development, cyclobntane structures for cycloadducta rapidly 
became unfashionable and fell into general disfavor, The tide was partially 
stemmed in 1934 when Cupery and Carothers’* oxidized the dimer of 
divinylacetylene to cyclobutane- 1, 2-dicarboxylic acid— the first time a 
cyclobutane derivative of known structure was isolated as a degradation 
product of a cycloadduct. None the less, the tenor of thought in the late 
thirties was such that when Simonsen'^showed that Staudinger’s diphenyl- 
ketene-cyclopentadiene adduct contained a four-membered ring, this 
result was “not anticipated ” The pessimism which then prevailed is 
well illustrated by Bergmann’s review article of I930>* in which many 
postulated cyclobutane structures (some correct, some incorrect) were 
flatly rejected. The era of doubt drew to a close late in the forties when 
new experimental results led to general recognition of the usefulness of 
thermal cycloaddition reactions as a synthetic route to cyclobutane 
derivatives. 

The breakthrough was greatly facilitated by the discovery by du Pont 
research groups*’’** that orfafinorocycJobutane can be formed readily by 
thermal dimerization of tetraflooroethylene. This development inspired 
several extensive investigations of cycloadditions involving fluoroalkenes. 

A typical reaction is the addition of letrafluoroethylene to 1,3-butadiene 
at 125° to afford 3-viny]-l,l,2,2-tetrafluotocyclobutane in 90% yield.** 
This cycloaddition illustrates two important points. First, fluonnated 

» DieU and Alder. Ann., 460, OS (1>ZS> 

Bergel and Widmann, Ann . 467, 76 (ISZS) 

» Alder and Stem. Ann , 485. 223 (1931). SOL 247 (1133) 

Cupery and Carothera..r Am CSem 5ae.S8. 1167(1931). 
ir Lewis, Ramaxc, Simoneen, and Wainwnght, J, CAem Soe , 1937, 1S3~. 

■« Bergmann. Trans Faraday 5ee . 35, 102S (1939) 

•’ Benmng, Dawning, and Park. U.S pal 2.394.9SI (C.A . 40. 34SO (1849)|. 

■ • Lewie and Na}lor.A Am Chtm Sac . 69, 1968 (ItlT) 
ir Coffman, Bamck, Cramer, and Raaerh.^ ylnt CJbem Sof 


.71. 490 (19491 
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alltenes may add to non-fluorinated unsaturated compounds much more 
readily than they dimerize. Second, w'hen fluorinated alkenes are given 


CHj 

/\ 

CH..=CH— CH=CH2 + CFj=CFj CH,=CH— CH CFj 

\ / 

CFj 


CH2=CH— CH=CHj + CFj=CF2 -fy 



a choice between four- and six-membered ring formation, as is possible 
with a conjugated diene, the formation of the four-membered ring is 
favored. It seems significant that ethylene^” and tetracyanoethylene^' 
apparently give only the normal Diels-Alder, six-membered ring products 
with butadiene. 

The experimental conditions for the addition of tetrafluoroethylene to 
butadiene are very similar to those commonly used for Diels-Alder 
reactions involving volatile addends, and a further similarity is provided 
by the aforementioned fact that two dissimilar compounds, tetrafluoro- 
ethylene and butadiene, are found to react wth each other much more 
readily than they react with themselves. Like Diels-Alder reactions, the 
cycloadditions leading to four-membered rings may present orientational 
and stereochemical problems. For example, dimerization of trifluoro- 
chloroethylene can give two structural isomers, the “head-to-head” (I) 
and “head-to-tail” (II) adducts, and each of these may be the cis or the 

CFj— CFCI CFj CFa 

2 CFj=CFCT-> I I and/or | | 

CFj — CFa CFa — CFj 

I (cis or trans) II (cis or trans) 


trans isomer. It is of considerable practical and theoretical significance 
that the principal product in this^® and other cases is the result of head- 
to-head addition (I) with the chlorine atoms predominantly cis to one 
another. This mode of addition is not at all peculiar to fluoroalkenes. 
Allene dimerizes to give predominantly 1,2-dimethylenecyclobutane®'^^ 

Joshel and Butz, J. Am. Chem. Soc., 63, 3350 (1941). 

Middleton, Heckert, Little, and Krespan, J. Am. Chem. Soc.^ 80, 2783 (1958). 

Holmes, Org. Jtcactions, 4, 62-64 (1948). 

Lacher, Tompkin, and Park, J. Am. Chem. Soc.^ 74, 1693 (1952), 

** Williams and Sharkey, J. Am. Chem. Soc.^ 81, 4269 (1659). 
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(head-to-head), and acrj'tonitnle aSbids e«- and Iranj.l,2-dicyanocyclo- 
butane.** As w ill be shown, these facts are strong evidence against ionic 


2cii,=c=Rcn, 




2cn,=CHrN ^ 


(rw *nd 

mechanisms for this type of cycloaddition (except possibly ketene dimeri* 
zations); in addition, they may well provide new understanding of factors 
governing eycloadditions in general, including the Diels-AIder reaction 
The cycloaddition reactions of fiuoroalkenea have provided a dazzling 
array of unusual duorinated eyclobutaneand cyelobutenederivatJves that 
would be extraordinarily difficult to synthesize by conventional means. 
Many of these substances possess great intrinsic interest, hut, generally 
speaking, they are not useful intermediates for the synthesis of non- 
duorinated cyclobutanes since almost all contain ^em-fluorine atoms that 
are characteristically rather inert chemically None the less, some success 
has been achieved in utilizing the beneficial effect of ^em-fluorme atoms on 
formation of four-merabered rings and then removing the fluorine by 
hydrolysis to yield carbonyl groups. In this way, practical laboratory 
syntheses have been developed of substituted cyclobutenones (III, IV),**"*« 
cydobutenediones (V to VH),**"** and tropolone (VIII),** as illustrated in 
the following equations. 

" Coyn«r and Hi)lcn«n. J Am Oum Sec. 71. 3S4 f IW9} 

Roberta, Kline, and Simmoiw. / Am Chem Sac.7S.47es (lesS). 
rr Silversmith, Kitahara, Caeeno, and Roberta, J Am CSem Sac , SO. 5S40 
•• BoberU, Record CAem Pregr . 17. 9S (1856) 

» Smutny and Roberta, J. Am Clem See. 77, sm (19SS|. 
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CtHsCsCH -f 


C,HjCH=CHj 


C . H^feCH 


2CFCl=CFj 


CH CH 

\ HiSO , \ 

CC1i=CFj-vC,H 5C CFj-^CeHsC C=0 

\/ \/ 


CCl, 


CCl, 

m 


CH, 

\ „ t C.-B.OK 


+ CC1j=CF 5 -► CjHjCH CFj 

\ / 

CCl. 


CH, 


CH, 


\ „ ir . so , / \ 

T-W y-« i 


C,H,C CF. -i— > C.H.C 


0=0 


c 


c 


OC ^ H.-I 


OH 

rv 


CH 

y \ 


■» UtSOi >• 

■ CFC1=CF, C.H.C CF, > C.H.O C=0 


CH 

y \ 


\ y 

CCIF 




O 

V 


OTCl— CF, CF— OT, 2c,H,Li 


CFO— CF, CF— CF, 


C.H,. X) 


HjSO , 


CeH / 


c,h; 


X, 


TI 
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vin 


The cycloadduct IX from ketene and cyclopentadiene, even though 
farmed in rather poor yield, has been used as an intermediate for the 
synthesis of a bieyclo[3,3.0)octadiene as part of a projected route to 
pentalene” and has also been converted to cycteheptatriene.** 



The very reasonable yields of cyclobntane derivatives recently demon- 
strated for the addition of allene to vattoos substituted alkenes^® have 

» Roberta and Gorham, ,r CW.Soc. 74. SST8 (ISSS). 

« DryrfeB. Jr , ^ Am Ckem Joe. 5». iS4J (19541- 

>• Crippx Williama and Shackar J -tn CSm. Jor. 80, 7Jl (193S) 
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substantially broadened the synthetic usefulness of the cycloaddition 
reaction for the preparation of non-fluorinated, four-membered-ring 
compounds. The adduct X from allene and acrylonitrile has already 
proved useful in syntheses for l,3-dimethylenecyclobutane,^®>®^ 3-methyl- 
enecyclobutanone,^® and 1,3-cyclobutanedione.®® 



REACTION MECHANISM 

It has been suggested that formation of octafluorocyclobutane from 
tetrafluoroethylene during the pjTolysis of poljdetrafluoroethylene 
(Teflon) involves a diradical intermediate.’^ A similar explanation vas 


2CF5=CF, 


rCF,— CF.-n 


i 

I 


CF, — CFj- 


CFj — CF. 

I i ' 

CF. — CF. 


offered to account for the head-to-head dimerization of acrylonitrile.^ 
Formation of the diradical XI was expected to be substantially more 

CH. — CHCN 

i ■ 1 

CH. — CHCN 

XI 

favorable than formation of the diradical XII, which would also lead to 
head-to-head cycloaddition, or XIH, which would give the head-to-tail 
product because of stabilization resulting through interaction of the 
unpaired electrons with the adjacent unsaturated cyano groups as may 

** Casino. Jr., Parker, Piccolini, and Robert?:, Am. Chem. <5oc., 80, 5507 flPoS). 

^ Cripp?, AVilHams, and Sharkey, J. Am. Ch^m. Soc.., 81, 2723 (1959). 

Ca«serio, Jr. and Roberts, J. Am. Chem. Soc^ SO, 5S37 (195S). 

** E. Renk and J. I>. Robert®, unpublished research. 
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be 8ynil>olized by the resonance forms XIV to XVI, etc. Such stabiliza- 
tion would be possible for only one of the unpaired electrons of diradical 
XIII and would be impossible for XII. 

Clf,— CII— CN CII,— CII=0-iN- CIIj— CII*=>0*N ■ 

ClI, — CII — CN CII,— CH— CN CII, — CH=feaN 

Xl\ -tv XVI 

The head-to-head orienUtion produced with acrylonitrile appears to 
exclude an ionic tnechanura eince the electrical polarization of the double 

9 e 

CIE, CH Cl *' •• CH,— <JU=CWN CH — C=N 

(mall coolrlbylloti) 




bond by the cyano group would be expected to lead exclusively to head- 
to-tail addition. Furthermore, an ionic intermediate (XVII) analogous 
to the diradical XI would hawe a cationic center immediately adjacent to 
a cyano group, and there seems to be no reason to suppose that this 
unfavorable juxtaposition of electron-withdrawing groups would 
necessarily be more than counterbalanced by the concomitant estabhah- 
ment of an anionic center adjacent to the other cyano group. An 
additional argument against ionic mechanisms is that these cycloadditions 
proceed well in non-polar solvents and with fluoroalkenes even in the gas 
phase. 


rcu, — cn— few 


The reasonable alternative to the stepwise diradical mechanism is a 
more or less concerted breaking of the multiple bonds of the addends and 
formation of the new bonds of the adduct. If the 1,4 bond has only a 
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very sliglit .single-bond cbnrnctcr in the transition state when formation 
of the 2,3 bond i.s nearly complete, we have what might be tenned a 
“virtual” diradical mecbani.sm. The di.stinction between this formula- 
tion and the “bona fide” diradical procc.ss propo.sed by Cojmer and 
Hillman"'* is that the electrons are regarded as remaining paired at all 
times in the concerted mechanism and .sufficient bonding e.xists between 
C-1 and C-4 to prevent free rotation about the 1,2 and 3,4 bonds. The 
frcc-valencc index at the 1 and 4 po.sitions in the transition state might 
well be sufficiently great that predictions of orientation can be made 
for unsymmetrical alkencs on the same succc.ssful basis as is po.ssiblc with 
the diradical mechanism (.sec later). 



The possible role of charge-transfer complc.xes of the tj'pc postulated 
for the Diols-Aldcr reaction^® as intermediates in formation of c^’clobutanc 
derivatives by cycloaddition reactions is by no means clear. Tctra- 
fluoroethylene and similar substances are hardly expected to function 
well as both donor and accejjtor moieties in forming charge-transfer 
complexes. None the less, such substances may dimerize smoothly to 
cyclobutanc derivatives. On this basis, it seems best to conclude that 
formation of charge-transfer intermediates should not be regarded as a 
necessary condition for cycloaddition. However, as mentioned earlier, 
tetrafluoroethylene and butadiene react with each other more easily than 
either reacts with itself. This fact indicates that mutual polarization 
(or something akin to charge transfer) aids in stabilizing the C3'cloaddition 
transition state whatever the detailed features of the reaction mechanism 
may be. 

Second-order kinetics have been established for the gas-phase dimeri- 
zation of some fluoroalkenes,^® and activation parameters are available.®® 
The results provide no help for dLstinguishing between the stepwise and 
concerted mechanisms. 

The diradical mechanism for cycloaddition possesses the ■virtue of being 
extremely useful for predicting the course of cycloaddition with unsyra- 
metrical ethylenes. For the general case of addition of 
to R 5 R 5 C==CR 7 Rg, one can -write four possible diradical intermediates 


Kloetzel, Or^. Reactions, 4, 1-59 (1948). 



<-Yri.()m TANKS in tiikhmai. rY«u)\i)niT»)N rkactioxs n 

XVIII to XXI Tlip prolitcm of pmlictin^: the direction of addition then 
re<Iiicc< to the prolilcm of pmlirtinf; which of the diradicaN would be the 
mewt stable on electromc or stenc irrounds or l>oth Usually it appearn 

-t'H.i*. t’lt.ii, K.it.c— ri{,ii, 

I ! 

u,u,c- I’ll, II, It, II, f -fit, It, it,i{,f— fitjii, »,it,c— cn,it, 

XMll XIX XX S.XI 

as though electronic constderatiuns are the more important. As an 
example mn'ider the addition of Uotene to cyclopcntadiene. The four 
pojwthle diradicali are XXII to XXV Of these, XXIII is expected to 
I*e roost stable liecause hath odd eleefiwis rtJuJd lie atabibxcd h}- inter- 
action with an unsaturated group The product obtained, IX. is that 
expcctcsl from a nnp closure involring XXIII. 



O 

xxtv XXV 


Similar argumenU applied to the addition of dichlorodifluorocthylene 
to styrene suggest that the adduct should be XXVI, which is expected to 
arise from the diradical XXVII. The formulation XXVII is considered 
to be more favorable than XXVIII on the basis that a diSuoromethyl 
radical should be less stable than a dichloromethyl radical.*' The 
obserred eycloaddition product is XXVI,** in accord with predictions. 


CVIiCH=f’Il, + ca,=CF,— 


CII, 1 

/ \ 1 


r CII, 

f.lljCH CF, 

/ 

L -cci, J 


r.ir.cii tx:i, 

■ / 

CF, J 


XXMI X.XVIII 

I 


CII, 

/ \ 


C,H,C1I CF, 
\ / 


' ,1 S<ilul,<m. p XS3.John 


. Wikj & Soiw. New York, 
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This approach has wide utility and seems to fail badly only for ketene 
dimerizations, which give the head-to-tail products (perhaps by an ionic 
mechanism; see later discussion). Tentative structures for some cyclo- 
addition products are assigned in the tables at the end of the chapter on 
the basis of the diradical mechanism. 

Whether or not bona fide diradicals wth unpaired electrons are actually 
the reaction intermediates is very difficult to determine. The same 
problem has arisen before in connection with the mechanisms of the 
thermal polymerization of alkenes and the Diels-Alder addition.^^ It is 
clear that the absence of accelerating effects produced by the usual free- 
radical initiators or of retarding influences by free-radical inhibitors is no 
proof against the diradical mechanism, since we are deahng with a reaction 
for which no obvious accelerating function can be seen for initiators and 
which need not be retarded by inhibitors because it is not a chain process. 
It may be that no single interpretation can be put in words which will 
satisfy everyone; at least, before final attempts are made to rationalize 
these cycloadditions, some additional experimental evidence and new 
ideas will be required. 

A possible, but by no means compelling, argument in favor of the 
diradical mechanism follows. Butadiene and tetrafluoroethylene appear 
to give exclusively the four-membered-ring adduct,^® while cyclopenta- 
diene gives a mixture of four- and six-membered-ring products.®^ If 
tetrafluoroethylene (unlike dienophiles such as maleic anhydride'*^) were 
able to add to butadiene molecules in the more stable quasi-trans con- 
figuration to give diradicals, the resonance stabilization of the odd 
electrons in the butadiene half of any given diradical would tend to confer 
double-bond character on the 1,2 and 2,3 bonds so as to hold the diradical 
in the extended structure. This would greatly favor formation of a four- 
membered ring, since a six-membered ring could only be formed if (1) the 
allyl-type radical were to lose momentarily its resonance stabilization 


H H 

(quasi-trana) 


CF,— CH— CH=CH2 
11 
CF2 CH2 


H 




H 



** See the excellent discussion by Walling, on pp. ISO-189 of ref. 41, and also Woodward 
and Katz, Tetrahedron^ 5, 70 (1959). 
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through a twist about the 2,3 C — C bond, or (2) a six-membered ring 
containing a trans double bond were formed. 

With cyclopentadiene, the donble bonds can have only the guasi-cis 
relationship to one another; thus the dtradical would necessarily possess 
a configuration which could afford both four- and six-membered-ring 
products, as is observed.” 



It needs to be determined whether or not one alkene adds to another 
cleanly m the eit manner, a nearly ideal case for the purpose would be 
afforded by the addition of CM(or in*7M-)1.2-dideut«roethy]ene to tetra- 
fluoroethylene The involvement of a bona fide diradical (XXIX) might 


D 

\ 


CP,=CF, + C=C 


H H 


D H 

I I 

•CF, — CF, — 0 — C 


CF,— CHD 

■I I 

CF,— CHD 

CM(»cdIran.?)J 


well lead to non-stereospeoific addition as the result of rotation about the 
bond connecting the CHD groups before ring closure.*’ 

A number of other questions remain to be answered satisfactorily. 
Why are jera-fluoro compounds, allenes, and ketenes so peculiarly effective 
in forming four-membercd nngs even when aix-membered rings can be 
formed, as for example with conjugated dienes * Why do the double and 

•> Sin»<s' conaid«»tions have beea (a> to tha machaniatic problem posed b; Ibe 

Woodworth, t&id . 79. (1959}. and (9) to tha thermal uomentation of cyclopropane to 

propene. Rabinovitch. Schlag. and Wiban^ef Chem. Phye . £8, S04 (1958) 
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triple bonds in vinylacetylene react at about the same rate with tetra- 
fluoroethylene Are there rules Hire the Alder rules governing the stereo- 
chemistry in cycloadditions leading to four-membered rings? Only 
tentative or partial answers to these questions can now be given. 

The effectiveness of grem-fiuorine atoms in promoting four-membered 
ring formation may be the result of non-bonding interelectronic repulsions 
between the fluorine atoms which could tend to increase the F— C— F 
angle and hence diminish the angle between the other two valences of the 
carbon atom to which they are attached. Relief of the F — F repulsions 
would be thus expected to be substantially greater in formation of four- 
membered rings than of a six-membered ring. This rationalization is, of 
course, no help in accounting for the behavior of allenes and ketenes. 

One thing is clear. Measurements of the activation energies for the 
forward and reverse processes have shown that the enthalpy of formation 
of octafluorocyclobutane from two molecules of tetrafluoroethylene is 

50 kcal.^* This value is very much greater than the —25 kcal 
estimated^^ for formation of cyclobutane from two molecules of ethylene, 
and it reflects a weak double bond in tetrafluoroethylene and/or a favorable 
disposition of the fluorine atoms and strong single bonds in octafluoro- 
cyclobutane. 

Few quantitative data about the stereochemistry of additions to form 
cyclobutanes are available. With acrylonitrile, both cis- and trans-1,2- 
dicyanocyclobutane were reported.^* With 1 ,3-butadiene, only irans-1,2- 
divinylcyclobutane was isolated along with vinylcyclohexene.^® However, 
it is now clear that the cis compound is unstable under the reaction 
conditions and isomerizes to ci5-w’«-l,5-cyclo6ctadiene.‘’® Consequently 
it seems probable that both isomers are actually formed. The dimeriza- 
tion of trifluorochloroethylene gives a 5:1 ratio of head-to-head addition 
products "with preference for the cis isomer.^®* The predominance of cis 



“ Atkinson and Trenwith, J. Chem. Phys., 20, 764 (1952); J. Chem. Soc., 1953, 2082. 

** Reed. J. Chem. Soc., 1951, 685. 

Vogel, Angew. Chem., 71, 386 (1959); Vogel and co-ivorkers, Ann., 615 1, 29 (1959). 

♦ It is erroneously reported” that the symmetry- numbers of the products should lead to 
predominance ofcts over Irons addition in the ratio of 2:1. This would be correct only if one 
optical antipode of the trans-dichloro compound were formed. The actual expected statistical 
ratio 18 1 :1. ^ 
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addition here may be due to Cl — Cl dispersion forces operating in the 
transition state for ring closure” (regardless of whether by a concerted or 
stepwise mechanism) which tend to hold the chlorine atoms cts to one 
another Similar considerations apply to the apparent formation of the 
CIS head-to-head adduct XXX from a-(methy!thio>-aery]onitrile ** 



It IS clear that some four-membered-ring cycloadditions may be subject 
to thermodynamic rather than kinetic control With perfluoropropene, 
head-to-head addition with apparently a small preference for the eis 
product is observed at 250® while, at 450°, the head-to-tsil adduct is 
formed in the larger amount and the /r<j>is-l,2 product is greatly favored 
over the cw ” Reversible dissociation of the cyeloadduct was demon- 
strated at 300®. 

A special cycloaddition reaction of considerable interest mvolves 
formation of biphenylene by presumed dimerization of benzyne. Bi- 
phenylene has been isolated in small to good yields from reactions in 

■ 0-00 


which benzyne was generated by heating (CtH,Hg], with copper” or 
silveH^ powder, the decomposition of o-fluorophenylJjthium,” and the 
reaction of magnesium with o-bromoiodobenzene.” It remains to be 
established whether or not the C— C bonds fonned in these reactions are 
formed essentially simultaneously or in a stepwise manner through 
o,o'-biphenyI derivatives ”• 

A few interesting cycloadditions require ionic catalysts Thus hexa- 
chlorocyelopentadiene with lrichI<woethyIene and dichlorobromoethylene 
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and aluminum chloride affords XXXI and XXXII, respectively.®^ 
Hexachlorocyclopentadiene itself is apparently converted Avith aluminum 
chloride to a dimer (CioClj2) with a caged structure possessing three 




xxxn 


cyclobutane rings.®® The mechanisms of these processes are unknown, 
although they may be related to the cyclization reactions discussed 
below. 



There are a few reactions, which might be classified as cycloadditions, 
in which cyclobutane derivatives are formed during additions to multiple 
bonds. The formation of XXXIII in the addition of chlorine (from 


2CH3feCCH3 + CI 2 


H© 
> 


CH3 Cl 

\ L 


/ r 

CH3 Cl 


CH3 

CH3 


XXXIII 


** Tloedig and Homig, Ann., 598, 208 (1956). 

** Newcomer and McBec, J. Am. Chem, Soc., 71, 952 (1949). 
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sulfuryl chloride** or chlorine in the presence of acid*’) to dimethyl- 
acetylene IS one example, and the formation of a bridged dibroraide in the 
addition of bromine to cyclooctatetrene is another.** 



It is possible that the acid-mduced*’ Smimov-Zamkov reaction is the 
result of a "1,3 addition" of a diraethylacetylenechloronium complex 
to dimethylacetylene with a subsequent tautomeric shift end attack of 
chloride ion to give XXXIII. These non-thermal cycloaddition reactions 
have obvious aynthetie utility but are beyond the scope of this chapter, 


2CHjCSCCH, + Cl, 


CH, CH, 

c'® y 

,c 


CH, CH, 




SCOPE AND LIMITATIONS 

The number of eeported thermal cydoadditions which form foiu’. 
membered rings is much smaller than the number reported for the similar 
and much studied Diels-AIder reaction •*•** The known principal classes 
of substances which give successful dimertzalion reactions are included in 
the following list. 

Fluoro- and fluorochloro-alkenes having a double bond substituted 
with a p«m-fluoro group 

Allenes 

•• Smirnov Zamkov. D,aaia AM KaakSSB.K. S«8 (1951) tC A . 47, 2711 (19S3)|. 
Smimov Zamkov and Kostromina, Vkmm Kktm Zhur. 21. 2S3 [C A.. 50, 930, 

(1956)1 

•’ Criegoo and Moaohal. Chtn Btr . 92. 2181 (1959) 
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Ketcnes (not covered in this chapter; see ref. 2). 

Activated alkencs, dienes, and nlk 3 Ties such as acrj’lonitrilc, stjTcne, 
butadiene, and bcnzjTie. 

Cj'cloadditions involving two dificrent alkencs or an alkene and an 
alkj’nc occur more or less well with the following combinations. 

Fluoro- and fluorochloro-alkcnes having a (7cm-fluoro substituted 
double bond with activated alkencs and alk\-ncs, 1,3-dicnes and allenes, 
and with ordinarj* alkencs. For the last group successful results have 
been reported so far onlj’ with tetrafluoroethjdcnc. 

Allenes with activated alkencs and alk3'nes. 

Kctencs with some activated alkencs, alk3’ncs, and 1 ,3-dienes. 

Each of the fundamental kinds of addends will be discussed separatel}’. 

Fluoro- and Fluorochloro-alkcnes. A variet3- of fluoroalkencs of the 
following t3’pc have been found to dimerize in good 3oelds at temperatures 
from 150° to 500° to give, apparentl3’ in all cases, the head-to-head 


R F 

\ / CF — CFR 

2 C=C -+ ( I 
/ \ CF — CFR 

F F 

(R - F. a. CF,. C.\, C,H5, etc.) 


adducts under conditions where kinetic rather than thermod5Tiamic 
control of the products obtains. l,l-Dichloro-2,2-difluoroethylene also 
forms a dimer in high 3deld. Tetrachloroethylene does not behave in the 
same way. After twelve days at 300°, the only products identified 
besides unreacted tetrachloroethylene were he.xachloroethane and 
hexachlorobenzene.^® Presumably these products arise by wa3' of 
dodecachlorocyclohexane, which acts as a chlorinating agent for tetra- 
chl oroeth3’'lene . 


3CC1,=CCL 


CCl, 

/ \ Cl 

cci, cci. 3cc(,=cci, 

Cl 


\ / 
CCI, 


Cl 


SCjClc 


The general scope of the dimerizations of substituted fluoroalkenes is 
stiU undefined. A grem-fluoro group on the double bond appears to be 
very important, but other activation must also be supplied since vinylidene 
fluoride does not appear to dimerize to a cyclobutane. 

G. B. Kline and J. D. Roberts, unpublished research. 
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Tetrafluoroethylene adds well to a wide variety of multiple bonds.’* 
Temperatures above 200° are usually required for simple alkenes, 
and 1-alkenes are more reactive than S-alkenes. Activated alkenes 
like acrylonitrile react at much lower temperatures (~150°), while 
conjugated compounds like butadiene and vinylacetylene react at 100°, 
It is interestmg and surprising that the double and triple bonds of 
vinylacetylene react at almost the same rate. 


HC=C— CH=CHj + CP^CP, -* 




With ehloroprene or fiuoroprene. tetraflnoroethylene gives mixtures of 
monocycloadducts. The two products XXXIV and XXXV are formed 
m about the same ratio for fluoroprenc, while XXXIV is favored by 6:1 
for ehloroprene.” This result can be rationalized on the basis of the 
mechanistic considerations discussed earlier. 


X 

CFt^CF, + 0H,=O— OH— CH, -► 
(X-F, Cl) 



XX.VIV XXIV 


Six-membered ring compounds arc not formed with fluoroalkenes and 
1,3-dienes under conditions where kinetic control prevails. The only 
definite e-xeeption is the production of one part of 5,5,6,6 tetrafluoro- 
bicyclo[2 2.1]-2-heptene to two parts of the four-membered-nng cyclo. 
adduct with tetrafluoroethylene and cyclopentadiene.** The products 
from hexafluoropropene with cydopentadieue and butadiene bare been 
formulated as normal Diels-Alder products.’* However, no compelling 



•• MeB-. H»u, Rob-fU.^ Am C%^S*r..T:. 815 (1855). 
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evidence was offered that the products are not actually XXXVI and 
XXXVII. 



XXXVI 


xxxvn 


Conditions under which thermodynamic control of the products is 
exercised can be expected to lead to formation of six-membered-ring 
cycloadducts from fluoro- and fluorochloro-alkenes and 1,3-dienes because 
rearrangement of a variety of four-membered- to six-membered-ring 
adducts derived from such substances has been found to occur at 
450-800°.8i 

Acetylene is reported to react with tetrafluoroethylene at 600° to give 
1,1,4,4-tetrafluorobutadiene.®^ In this case the initially formed tetra- 
fluorocyclobutene undergoes thermal ring opening in the manner shown 
by cyclobutene itself. 


CFj=CFj + HC^CH 


HC-rr-CF, 

11^1 

HC-XcP, 


CFj 

/ 

HC 

I 

HC 

\ 

CFj 


The fluorochloroalkenes with ^ewi-fluorine atoms on the double bond 
usually add poorly, if at all, to the simple aUcenes and alkynes but give 
excellent yields -svith 1,2- and 1,3-dienes and with reasonably activated 
alkenes and alkynes. If a poorly reactive addend is used, the fluoro- 
chloroalkenes undergo slow dimerization in competition with the desired 
cycloaddition. Vinylidene fluoride apparently does not add to styrene,®^ 
a fact which gives some indication of the degree of substitution required 
for facile addition. Likewise, it has been found that l,2-difluoro-l,2- 
dichloroethylene does not add to phenylacetylene under conditions where 
l,l-difluoro-2,2-dichloroethylene adds in 85% yields.®® Symmetrical 
substitution in the addend may be undesirable. Thus diphenylacetylene 
gives no adduct with l,l-difluoro-2,2-dichloroethylene®® although, as 
mentioned, phenylacetylene adds readily. 

“ Drysdalc, U.S. pat. 2,861,095 [C.A., 53, '9102 (1059)]. 

“ Andereon, U.S. pat. 2,743,303 [C.A., 51, 465 (1957)]. 

•* J. D. Roberts, unpubli.shed research. 
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The head-to-head stroctnres of the diz&ers of unsymnietrical 
fluoroehloroethylenes have be«i proved by chemical means."*-*® 



X 

I 



CP,— C— Cl 


CP,— CX ... CP,— CO.H 

I I 

CP, — ox CP, — COjII 


X 


The mode of addition of tnfloorochloroethylene and l,l-difluoro-2,2- 
dichloroethylene to phenylacetytene, styrene, and l-cycIohexeny]acetyIene 
has been established by degradation and interconversion reactions®"-"® 
In each case only one cycloadduct was formed, and its structure was in 
accord with predictions. 


CgHjCsCH + CC1X=CF, 


(X ■ F. Cl) 


C6HsCH = CH, + CC1X=SCP, 




(SuvciurvAfcrelMaioct XXXVm pwvS b, tfcfTmSAtuftS*) 


M lUrmon. VS p.l J, <04.374 tC A 72M (IS4#)J. 

•• Hirmon, VS p»t *,43«.I4»lC-«.. 42. STTi (IlM)t. 

» Henne M.d Buh. J Am CW 8.K . «9. 2:t 1IM7J. Hmim 4nd Zimr«™chi,d. \M . 

tt. tsi (ia<T) 

•> Krepm •nd Padbury. C«n p»« *53,141 [C-* . 44. *91# (1S50)). 

•• Krop* ind Pidbury. U S p»l 2.590.014IC-*, 44. 181*7 lUJI)) 

••CM Sh»rt«, I)Oflon>l r>n»rt*lion,C»Lft>m» lawitule ofTwhnotogy, Isj, 
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A study”® of the cycloaddition reactions of l,l-difluoro-2,2-dichloro- 
ethylene ■with various activated unsymmetrical alkenes and 1,3-dienes 
showed that only one compound was formed in each case. Although the 
structures of the products were not proved for each reaction, all the 
availahle data indicate that these adducts can he formulated as having 
the expected orientation. 


CF^CCaj + CH2=CXY 


CF2 Oili, 

1 I 

CClj— CXY 


cm, 

I 

(X, y = H, CO, cm,; O, CH=CH,: H, CO,; CH„ 0=CH.; H, CX; CHj, CO,C3j) 


Dimerization of perfluoro-1, 3-butadiene has been reported to afford the 
unusual and interesting 'tricyclic substance XXXIX.'^^ 


CFj — CF— CF— CFj 

2CF2=CF— CF=CF2 I 111 

CFj — OF — CF — CF, 

XXXIX 

A similar structure has been •written for the product of the intramolecular 
oyclization of perfluoro-1, 5-hexadiene.’^ 


CF,— CF==CF, CF 2 — CF— CF, 

i ■ ‘-I I r 

CF, — CF=CF2 CFj — CF — CF. 


Perfluoro-2-butyne has been reported to give the tetramer XL,” but 
it now appears that the product is actually hexa(trifluoromethyl)benzene 
(XLI).” 


CTaCsCCTg 



G. K. B. Burch, Doctoral Dissertation, Ohio State University, 1949, 

Prober and Miller, J. Chtm. Soc., 71, 598 (1949). 
painberg and Jliller, J. Am. Chtm. Soc., 79, 4170 (1957). 

Brown, J. Org. Chtm., 22, 1256 (1957). See also Ekstrom, Brr., 92, 749 (1959). 
Harris, Harder, and Sausen, J. Org. Chem., 25, 633 (1960); Brown, Gewanter, White, 
and Wood.?, i5id., 25, 634 (I960). 
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ISrolvw of (>otyjnfri of fiuoto. and fluorochloro-tthylcnM have l)wn 
foiiml to pjvp cycJolmtanp IVt^umahly thftv are 

formal b\ r,vrt<>ad<ii(ioru of the alkene^ A»rm«l hy drpmdation. 

Allencs. a]iiMrrntly *a«lhe firnt to oJ>wr\e the formation 

of ryclohutanea through dimrntation of allenro. With allene iUelf, the 
pmliirt «a« rr}>or1e<t to lie I.Z-dimethyleneeyclohutAne. a* expected from 
the diradicnl merhani«m At hi);her fecniierature^. in a flow ayitem, the 


Si’ll, (•-ni, 


fit, fit, 

■ y 



rraction ap|>rari to be leu •etectire. and i>oth the 1,^ and 1,3 adducts are 
formed m the ratio W 15 “ The over-all yteld under theae condition* i* 
.'lO®, 

lA-lxtlev ha* reported that t.l-dimclhylallcne dimerites to^ve at least 
two of the three pomible head-to-head produrls XLII-XLIV.** The 
predominant products acre asaifmeil atructurea XL1I and XLIIt. 


CII, 

2 Oil, 

/ 

CII, 



I 

CII, 

CII, 



CII, CII, 
suit 



CII, cn, 
xtiv 


Pownin*. ili-nning. and SIcHarmu, ITS |Wt X.9l4.Mt {CA.. 40. 1*7’ (ISiO)] 
Ilanmns and Park. U S. pat t.*t0.m(CA . 41, S89I (1917)] 

Dowmnin Ilrnning and MoHantoia, VS. pat USl.STl (C.A.. 45. 9072 (1931)]. 
Ub~l. V J JliM r*v*. C)K«. Sac„ 43. *20 (ltlI)[C.A . B. 478 (1912)]. 
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Dimerization of l,l-dimethj'l-3-bromoallene affords XLV and XL'tfl in 
a ratio of 5:2.'^“ Inspection of models suggests that hindrance between 


CH, 


CH, 


CII, 

\ / 

2 C=C=C 

/ \ 


Br 


\ 




CH, 


H 


C Br 

CH,- 


C 

y\ 


CH, 


Br 


C 

I 

CH, 


'•N 


CH, CHBr 


XLV 


XLVI 


the methyl groups would make unlikely direct formation of XLII or XLV 
by way of a four-center transition state ■with the participating carbon 
atoms lying in one plane. Conceivably, the central carbon atoms could 
first be joined -with the chains at or near right angles to one another, and 
then ring closure to the various possible products could take place by a 
partial rotation around the new C — C bond. Other mechanisms have 
been discussed by Petty.’® 



CH 


C=C 


/ 

"\ 


CH 



Y H 

\/ 

C... 

V '■■■■••- 




.... _^CH3 

^CHa 




CH3 CH3 


XLII and XLIII 

(X = H) 
or 

XLV and XLVI 
(X = Br) 


As mentioned earlier, the discovery that allene ■ivill undergo cyclo- 
addition with a variety of activated alkenes is of considerable synthetic 
importance for the preparation of l,3-di8ubstituted cyclobutanes.®®'®' 
Generally there is concomitant formation of octahydronaphthalene 
derivatives from the allene dimer.®®'®’*®® The reaction course with allene 
and acrylonitrile is typical. 

W, L. Potty* Doctoral DiBsortation* University of California at Los Angeles, 1958. 

Alder and Ackermann, Ser., 87, 1567 (1954). 
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With unsymmetrical allenes and unsymmetrical alkanes, two different 
head'tO'head eycloadducte can be formed. Although insufficient data are 
available foe any £nal decision, it appears as though aterle effects may be 
important in determining the product ratios. Thus comparison of the 
product ratios obtained with l.I.dimethylallene and acrylonitrile*’ and 
methacrylonitnle” indicates a preference for formation of the product 
which has the smaller accumulation of adjacent methyl groups. 


CH, 

\ 

C=0=CH, 

/ 

CH, 


cn, 

I 

CB,— C 




CH, 

^C=C=CH, 

/ 

OB, 




<4S%) 



26 


ORGANIC REACTIONS 

Addition of allene to acetylenes does not appear to work very satis- 

ac y- than 1% of l-phenyl-3-methylenecyclobutene 

was obtained from allene and phenylacetylene.®i 

Ketenes. A number of cycloadditions of ketenes and alkenes to form 
cyclobutanes has been reported. In general, the products have the 
stractures predicted by the diradical mechanism. This contrasts strongly 
with ketene dimerizations, 2 in which the reported products always have 
the head-to-tail structures regardless of whether a cyclohutanedione or a 
P- actone is formed. The dimerizations can be reasonably formulated as 
avmg important contributions to their transition states of the indicated 
lomc structmes. It is possible that the apparent conformity of the 
additions of ketenes to alkenes to predictions based on the diradical 


© 


© I 

RjC=C — O 


R2C — c — o 
R2C=C — o 

(a \lDy]acefo-^-lac(one) 


R2C — c=o 

I © I 
LO=C— OR, 


R 2 O 

I I 

0=0— CR 2 
(a 1,3-cycIobutanedlonc) 


mechamsm is iUusory. The difficulty is that all the substituted alkenes 
. ar emp oye (e.g., styrene, cyclopentadiene, vinyl ethyl ether) would 
be expected to give the same product by either the diradical mechanism 

the alkene acts as a nuckophilic agent. 
Clearly, further research is needed to establish the mechanism of the 
ketene cycloadditioM so that prediction of the orientations of the products 
to be expected can be put on a firmer basis. 


RjC=C=0 + CHj=CHX ■ 



H— C— CHj 
X 


R,C — C=0 

■| I 

' H' —C '-CJ?* 

I 

X 


additions have been carried out with 
thnnTef' substance gives better results 

If R r - convem-ent source 

p nj -e ene. Thus, with st 3 Tene in dioxane, azibenzil gives a 58% 

■■ Appicquin „nd Robert,. CArm.^oe.. 78. 4012 (1956). 
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yield of the cycloadduct •* Diphenylketene appears to give cycloadducts 
even with unactivated alkenca such as cyclopentene*’ and cyclohexene.®’- 



(XLVM) 

It adds also to ethoxyacetylene and similar substances in nitromethane at 
—20° to afford interesting cycTobutenones “■ •• 

O 



Ketene itself does not afford 3-phenylcyclobutenone when heated with 
phenylacetyJene,” but it is now known" that the product is unstable 
under the reaction conditions. 

Dimethylketene appears to be less reactive than diphenylketene, and 
adducts have been reported only with vinyl ethyl ether and oyclo- 
pentadiene.®' 


0 

1 

C,H|CH=CHClt 
(B - C.H,CHe.CH C.n, 


H,=C(OC,H,), 

1 "’ 
cu 
/ ^ 

,CH OK 
I I 

CH, O 
\ / 

C(OC,H.), 


O 

► O.II.CH— CHCR 

I I 

CH, — CtOC,ll,), 

O 

0 II 

-> C,II,CHCir,CR 

1 

(Tl.COjtl 


'» Marvrt Kohin, J Oif Chm . W. 141 |1«S11 

•> Farmer and Fsrooq. ClUm * Jnd (Xondni). 1SS7. lOlS / Chtm Sec . 1933. ISSS 
>• Staudinger and Suter, Btr , S3. 10»e (IS20J 
“ Kieuwenhuis and Arena, See tm. dam , 77. 7«1 (1*S8( 

•• Nieawenhiua and Arens. Sd Irar dam . 77, 11S3 (lt5S| 
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Addition of allene to acetylenes does not appear to work very satis- 

- than 1% of l-phenyl-3-methylenecyclobutene 

was obtained from allene and phen3dacetylene.®i 

Ketenes. A number of cycloadditions of ketenes and alkenes to form 
cyclobutanes has been reported. In general, the products have the 
s ractures predicted by the diradical mechanism. This contrasts strongly 
with ketene dimerizations, ^ in which the reported products always have 
the head-to-teil structures regardless of whether a cyclobutanedione or a 
^-lactone is formed. The dimerizations can be reasonably formulated as 
a’^g important contnbutions to their transition states of the indicated 
nictures. It is possible that the apparent conformity of the 
additions of ketenes to alkenes to predictions based on the diradical 


2EjC=C=0 • 


— c=o 

, e I 
LR2 C=c — o 


RjC — 0=0 

“"r.c=Lo 

(ft vlnylnccto-^-lactone) 


© 

RjC— C==0 

r ® I 

LO=CJ— CR, 


RjC'^—C^^O 

0=c— CRg 

(a l,3*cyclobutanedIonc) 


mechanism is iUusoiy. The difficulty is that aU the substituted alkenes 
r emp oye (e.g., styrene, cyclopentadiene, vinyl ethyl ether) would 
be expected to give the same product by either the diradical mechanism 
^vherein the alkene acts as a nucleophilic agent. 
Clearly, further research is needed to establish the mechanism of the 
ketene cycloadditioM so that prediction of the orientations of the products 
to be expected can be put on a firmer basis. 


B2C=C=0 + CHj=CHX - 


e 


H— C— CH, 



iff additions have been carried out with 

phenylketene and it appears that this substance gives better results 

ofLb. 1 W - convenient source 

P ny e ne. hus, with styrene in dioxane, azibenzil gives a 68% 

•' Applequist and Roberts. Am. CAem. Soc., 78, 4012 (1956). 
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earlier, are the cycloadduet* from chlorinated ethylenes and hexaehloro- 
O'clopentadiene with aluininuto chloride.**- 
One of the most interesting meana of formation of four-membered rings 
la through the apparent intermediacy of cyelobutadiene derivafiTcs.**-** 
Thus Criegee** has demonstrated the formation of XLVII by treatment 
of the SmimoT-Zamkov** dichlonde XXXIII with lithium amalgam, and 
Nenitzeseu” has prepared XLVIII in a similar way. The generality of 
these reactions remains to bo established. 



CHj 


CH, CH, CH, 


CH, 
/ •' 

\ 

CHj 



EXPERIMENTAI/ CONDITIONS 

Comparison of Addend Reactivities. The vast majority of successful 
cyclobutane-forming cycloadditions involve as one or both addends a 
fluorinated alkene, an alJene, a ketene, or a similarly activated alkene. 


I »nd Louia. Ber , 60, 



(1657), CnegM, Aiigew. CAem , 70. «07 (103S) 
^lem A Imi {Londam.}, 1959, 757. 

>, 931 127 (16SS). 
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Ketcnc diethyl acetal is reported to add to dibcnr.alacetone and 
bcnralncctophcnonc to form four-memhered-ring cycloadducts.*"* How- 
ever, the evidence for the structures of the products docs not exclude the 
possibility that they actually contain six-memhered rings. 

Activated Alkcnes. A number of alkenc.s carrj’ing suitable activating 
groups has been reported to dimerize at variou.s temperatures to 
give cyclohutane derivatives in low yields. Among the cxample.s are 
butadiene, acrylonitrile,”^ and 1,5-cyclooctadiene.' In general, the 
activating groups arc the onc.s rvhich would be c.xpectcd to stabilize free 
radicals and, as discussed on p. 11, the dimerizations of uns\’Tnmetrical 
alkcnes take place in the head-to-head manner. 

Since most of the alkcnes which dimerize to cyclobulancs also undergo 
thermal polymerization rather easily, it is usually necessary to have 
present an cflicient pohmierization inhibitor to cut down wastage of the 
monomer as a long-chain polymer. With stjTcnc, iodine is eflective and 
some l,2-diphcn3dcyclobutane is formed.”' 

Tctrac^'anoeth^’lcne appears to have possibilities for formation of cyclo- 
butane derivatives from suitable alkencs.®- It adds to one of the double 
bonds of l,2-diphenyl-3,4-dimeth}'lencc3'clobutcne rather than in its usual 
1,4 manner, Avhich would give a c^-clobutadiene derivative. It also adds 
to mcthylcnccyclohcxene to give a spiran. 



A few instances are reported of eyclobutane formation from substituted 
alkenes with the aid of ionic catalysts; e.g., 1,1-diphenylethylene is 
reported to be converted to a tetraphenylcyclobutane in low yield rmder 
the influence of dimethyl sulfate.®" Other examples, which were mentioned 

•* McElvain and Cohon, J, Am. Chem. Soc., 84. 260 (1942). 

F. R. Mayo, private communication. 

•* Blomquist and Meimvald, J. Am. Chem. Soc., 79, 5316 (1957); 81, 667 (1959). 

” Belov and Lebedev, Oen. Chem. {USS.R.), 11, 745 (1941) [C./l., 36, 446 {1942)]. 
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Steel or other metallic aotocIaTes ar« potentially more hazardous than 
glass tubes, and equipment capable of withstanding operating pressures 
of 500 atm. is necessary if tetrafluoroethylene is used.** The hazards of 
allene cycloadditions have been pointed out,**-** and the use of an inert 
solvent as a diluent to diminish the possibility of violent decomposition is 
recommended 

Addition reactions with flooroalkenes in metal vessels may also be 
hazardous. For example, the addition of trifluorochloroethylene to 
1-cyclohexenyIacetylene in a 1-1. stainless steel Parr bomb was carried 
out twice without difficulty, but in a third run the head gasket ruptured 
and the bomb was rained by the reaction of the expanding hot gases with 
exposed stainless steel surface ** 

EXPERIMENTAL PROCEDURES 

1.1.2.2- Tetrafluoro-3,3,4,4-tetrachlorocyclobuiane.“ Four hun- 
dred grams of l.l'difluorodichloroethylene was agitated at 200* for 12 
hours in a stainless steel bomb. The unchanged moDomer (T5 g.) was 
recovered by distillation The residue was taken up m. ether.and then 
distilled to give 313 g. of crystalline dimer- b p. 131-132° and m p. 84.8°. 
The conversion was 80%. and the yield 92%. 

l,l-DlfluorO'>2.2«dicbloro>3«ptieaylcyclobuteQe.*' A mixture of 
18 4 g. (0.18 mole} of phenylacetylene, 24 Og. (0.16 mole} of 1,1-difluoro- 

2,2-dichIoroethylene, and 0.1 g of bydroquinone was heated in a sealed 
glass tube at 130° for 2 hours. The crude product was flash-distilled under 
reduced pressure to remove some polymeric material and then fractionated 
through a 10-cm. Vigreux column. The yield of l,l-difluoro.2,2- 
dichloro-3-phenyleyclobutene was 30.1 g (71%), bp. l09-lll°/5 mm., 
ng 1 5435. 

1.1.2- Trifluoro-2-chlciro-3*(l-cycloIiex.l-enyl)cycIobutene.‘* To 
each of four heavy-walled Pyrex tubes (19 X 25 X 616 nJm ) was added 
25.0 ml. (22.0 g, 0.208 mole) of l-tyclohexenylacetylene. The tubes 
were cooled in a bath of isopropyl alcohol and solid carbon dioxide, and 
trifluorochloroethylene was passed m nntil 25 ml, (about 37 g., 0 32 mole} 
of liquid tnfluorochloroetbylene collected. The tubes were then sealed, 
allowed to warm to room temperature, and heated over a 4-hour period 
to 95°. After 20 hours at 95°, the tubes were cooled to room temperature 
and then to —78°, opened, and the excess trifluorochloroethylene allowed 
to escape as the material warmed to room temperature (hood). The 
crude adducts were combined and distilled through a Claisen head under 
reduced pressure to give 149g. (79%) of l,l,2-tnfluoro-2-chIoro-3-(l- 
cyc!ohex-I-enyl)cyclobutcne,bp.7I-73'’/Imm ,ng 1.4808. lUhencooled, 
the product crystallized as sharp white needles of m p. 11-13°. 



30 


ORGANIC REACTIONS 


Por convenience, we shall call these “primary” addends. Primaiy 
addends can usually he added to one another and also undergo cyclo- 
addition with a variety of substituted alkenes, alkynes, conjugated dienes, 
and en 3 mes. The latter substances can be called “secondary” addends, 
and among them are many of the usual Diels-Alder dienes and dienophiles. 
In general, the ease of reaction of the secondary addends decreases in the 
order: conjugated dienes and enynes > uns 3 nnmetrically substituted 
alkenes > symmetrically substituted alkenes. Among the primary add- 
ends, the fluoroalkenes appear to react more readily than allenes. Al- 
though the number of reported ketene cycloadditions is too small to 
permit much generalization, ketenes seem to add to alkenes under milder 
conditions than those commonly used for adding fluoroalkenes to alkenes. 

Reaction Conditions. Most cycloadditions are carried out at 100-225° 
under autogenous pressure of reactants in sealed glass tubes or steel auto- 
claves. Solvents are usually not beneficial but are sometimes recom- 
mended for safety reasons. It is common to use a polymerization 
inhibitor such as hydroquinone or terpene but this is probably only of 
psychological value in the absence of important competing free-radical 
thermal polymerization reactions. As inhibitors do not appear to aSect 
the cydoaddilion reaction, inclusion of an inhibitor is unlikely to be 
positively harmful. Exclusion of oxygen may be generally desirable; 
but, except for a few instances w'here tetrafluoroethylene^® and other 
monomers subject to oxygen-initiated polymerization have been employed, 
it does not seem to be customary practice to degas the reactants. 

Safety Precautions. Low-molecular- weight fluorinated alkenes, 
ketenes, and allenes are usually gases at room temperatiwe. Consequently 
it is desirable to use a well-ventilated area for handling the reactants — 
particularly because tetrafluoroethylene, trifluorochloroethylene, and 
ketene may present toxicity hazards comparable to or even greater than 
those of phosgene. Eluorinated alkenes and their cycloadducts should be 
handled ivith care, especially if there is a possibility of the presence (even 
in trace amounts) of certain olefins that contain fluorine linked to the 
doubly bonded carbon atoms. Fluorinated olefins generally should be 
regarded as highly toxic materials. Perfluoroisobutylene in particular is a 
deadlj’ poison and exerts its effects in an insidious manner without warn- 
ing. Perfluoroisobutylene is known to arise from thermal transformation-s 
of tetrafluoroethylene and polytetrafluoroethjdene. 

The usual precautions should be taken with reactions run in sealed 
glass tubes. After a reaction is complete, sealed tubes should be allowed 
to cool and should be vented before handling to remove hydrogen fluoride, 
hydrogen chloride, or other gases which often form in reactions involving 
fluoro- and fluorochloro-alkenes. 
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of fluoroalkenes are discussed before those of alleae, the reaction of tetra- 
fluoroethylene with alJene is listed with the duoroalkene adducts. The 
arrangement of compounds within any given table follows that of Beilstein. 
Familiarity with arrangement of the Beilst^n volumes and the difference 
between “functioning” and “non-functioning” derivatives will permit any 
compound to be found quickly. The arrangement has the advantages of 
being specific and usually leading to close listings for similar compounds. 
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3-MethylenecycIobutanecarbonitriIe,“’ A 500-ml. stainless steel 
rocker bomb was charged with 212 g. (4 moles) of acrylonitrile, 40 g. 
(1 mole) of allene, and 2 g. of hydroquinono. The bomb was heated at 
200° with agitation for 10.5 hours. The bomb was allowed to cool to 
room temperature, opened, and the contents distilled. After 120.4 g. of 
unreacted acrylonitrile, there was obtained 55.4 g. (60.4%) of 3-methylene- 
cyclobutanecarbonitrile, b.p. 64-66°/21 mm., 1.4595. The distillation 
flask contained 32.5 g. of a tan solid residue, m.p. 138-143°. Several 
recrystallizations from acetone followed by one recrystallization from 
isopropyl alcohol gave white needles of 1,2,3,4,5,6,7,8-octahydronaphtha- 
lene-2,6-(and/or 2,7)-dicarbonitrile, m.p. 143.5-144.5°. 

It may be generally advisable to run reactions of this type %vith an inert 
solvent as diluent even though the yields may be somewhat lower. 

Bicyclo-[3.2.0]-2-hepten-6-one.®’ Approximately 0.65 mole of 
ketene was absorbed in a mixture of 60 ml. of toluene and 0.65-0.70 mole 
of freshly distilled cyclopentadiene contained in a bomb cooled by a solid 
carbon dioxide-isopropyl alcohol mixture. The sealed bomb was heated 
at 100° for 2 hours* and then cooled to room temperature. The reaction 
mixtures from three such runs were combined, and on distillation (in a 
hood) 106 g. of crude ketone, b.p. 145-185°, was obtained. The impure 
ketone was purified through its semicarbazone. From 105 g. of crude 
ketone there was obtained 56 g. (17.4% based on ketene) of semicarbazone, 
m.p. 216.0-219.5°. After two recrystallizations from methanol-water 
(3:1), it melted at 219.0-220°. 

The pure ketone, b.p. 62.0-63. 5°/20 mm., 1.4819, could be obtained 
in 86% yield by decomposition of the semicarbazone with phthalic 
anhydride and water. 

2,2,3-Triphenylcyclobutanone.®^ Equimolar portions of diphenyl- 
ketene (8.0 g.) and styrene (4.5 g.) were heated in a sealed tube for 24 
hours at 60°. The crude solid addition product crystallized as white 
needles from ethanol, m.p. 135-136°. The yield was 11.5 g. (93%). 


TABULAR SURVEY 

Tables I through IV include cycloaddition reactions classified according 
to primary addend and reported to June, 1959.®® An “early-position” 
principle was used in arranging the tables. Thus, since cycloadditions 

Blomquist nnd Kwiatolc, J. Am. Chem. Soc.t 73, 2098 (1961). 

* It is recommended that reactions of this typo be carried out behind a suitable barricade, 
A rather largo number of totrafluoroethylono cycloadditions have boon disclosed by 
Bnrrick, U.S. pat. 2,402,347 [C.A., 43, 4294 (1049)]. but no yields or physical properties are 
cited for the products of many of thorn. Only the examples for which Bairick gives yields 
and physical properties are included in the tables. 



CII,(Cn,),jCHCP,CF,CH, (25) 
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to be understood, except whet* a flow ayaUm u indicated in column C. 



Cyclobutanes from Thermal Cycloaddition Beactions op Fluoro- and Fluorochloro-alkenes 


34 


ORGANIC REACTIONS 


O 


« 






H 


C 

0) 

> 

*0 

w 



o 

O -44 

- o 

o 




o 

o 

(M 


o 

o 


o 

c 

o 




cc 

o 


a 


C5 


o 

C5 

o 

C5 

C5 


C5 C5 

o 

O 

o 

C5 

O 

o 

O 

C5 


- a 

o 


rH 






o 

a 


o 


o 

o 

o 

C5 

O 






44 



fH 






-U 


C<J 



iq 

lO 

lO 

CO 




2. 


pH 



C5 


03 

CO 


CO 

0 

CQ 

CO 

1 

CO 

CO 




CO 


CO 


s 

pH 



CO 



CC 



CD 










U5 












pH 

o 

lO 


o 

o 

10 

»o 

o 

LO 

lO 

o 

CO 

w 

1 

CO 


lo 

«> 

oi 

03 

lO 

t- 

03 

lO 

1 




pH 

03 

03 

^H 


03 


o 


C3 







o 


•4* 










03 


o 

o S 

O 

C 

<D 

a 

o 

c 


c 

c 

o 

a 

0) 

a 

0) 

C 

© 

G 

55 a 

;! 

5? 




si 

si 




«4< 

-H4 

o 

C5 

t* 

o 

03 

03 

*4^ 


03 O 

00 

cq 

tq 

pH 

cq 

03 

03 

cq 

o 

O pH 

o 

o 

O 

o 

O 

O 

O 

o 

pH 


55 


» 



2 

2 




V 

S3 

'O 

o 


Ph 



w 


pO 

pO 

a" 

a' 

O 

o 

a" 


o 

CJ 


a' 

•— o 

L-o 


o 

w 

te 

o 

o 

91 


c 

o 

nd 

'C 





o 

C 


G> 




H 


o 

G 

<v 




3 

tC 

g 

•4^ 

o 

H 


V 

2 

’S 

o 




a 


> 




r-a> 

pO 

Cl 

fo 

a 


o 

fe’ 

a' 

o 

o 


a 

»— Q 

ao 


r K 

Q ' 

w 

r-Q. 


Q 

Cl 

w 


-o 


r-a 

O 

pO 

c4' 

W 


o 

91 

a 

r-Q 

Cl 

w 

o 

Cl 

&4 

o 

o 

o 

a 


a 

ao 

c» 

a 

o 

c< 

&4 

-o 

C9 

w 

o 

-o 

o 


w” §• 

o 


i-o 

o, 

O 


o 

Cl 

H 

o 

n 

W 

o 

a 

o 

Cl 

o 

Cl 

, ^ 
L-O 


a 

-o 

c« 

o 

a B 

1-0 e 


a 

o 

« 

a 

o 


a 

& 

o 

M 

Q 

UO 


W 

o 


o 




Cn,CF,CF,CH CH,CF,CP,CH 


CYCLOBXTTANES BY THERMAI. CYCLOADDITION 


REACTIONS 37 



indcretood, 
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nfecc(cii,)cii,cr,cpci (as) 

lI,C=C(CH,)C^HCpicPCl ( 18 ) 

I 1 

cii,cp,cFac(CH,)c=cncPiCFa <?> (4) 
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of the first-named addend 



'FA liLli [ — C'onlinvcfl. 
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, except whore a flow Hyetern is indicated in column 0. 



anliydride Cir,=CClI— CCICIf 
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* llhclf altemattvc 



44 


ORGAIsTEC REACTIONS 




I,l-DimethyI-3-bromo- 


CYCLOBUTAXES BY THERMAL CYCI.OADDITIOX 


REACTIOXS 



* flow system Js indicated it 



Ctclobutanes from Thermai Cyceoaddition Ekactions of Ketenes 
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Cyclopentadiene 



Diphenylkel 
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p-Cliloro8tyre 
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■ce of diphenflketene (see p. 89). 
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lamed addend to the 



Cyclobutanes from Thermal Cycloaddition Reactions of Activated Alkenes 
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CHAPTER 2 


THE PREPARATION OF OLEFINS BY THE 
PYROLYSIS OF XANTHATES. THE CHUGAEV REACTION* 

TTtBf>T.T. R. Nack 
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OHUA.VIC JMCACriO.N'S- 


r.H 


INTHODL'CTION 

In Ihm chni)tor the Chugnev reaction in definc-d as the thermal 
decompoHit.on of the xnnthate cMor of an alcohol that contains at least 

one /f.hvdrogen atom, to protlnce one or more olefins, carbon oxvsulfide, 
and a inercyiptan. 


\l 

Ctl 



COCHIt 
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ll 
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cos + Itsfi 


• olefins by the jjyrolysis of xanthates was discoTcred 

in l«jn by Chngacv' in connection with his studies on the optical properties 
ol xanthates- and other compounds.^ He subsequent! v cmplovcd the 
reaction in his investigations of terpcncs and demonstrated both its 

utility as an olefin-forming reaction and its usefuinc.ss in structural 
determinations. 

The reaction, which is particularly valuable for the conversion of 
scnsi i\e a co o s to the corresponding olefins without rearrangement of 
** coton,^'-' is analogous to the thermal decomposition of 
carboxylic esters of alcohols,® and of other related derivatives of alcohols, 
such as carbamates and carbonates,’ to yield olefins. 


MECHANISM" 

.1. evidence indicates that the Chugaev reaction proceeds b}' 

the lormation of a cyclic transition state involving a cw-d-hydrogen 
mote alcohol moiety and the thion sulfur atom of the xanthate. 


' Chugnev, /hr., 32, 3332 (1899). 

’ Chugnev. Ihr., 31, 1775 (1898). 

" Low^-, J. CItrm. Soc., 123, QSO (1923), 

" Fomin and Sochurinki, J/er., 40, 244 (1913), 

* Stevens. J, Am. Chrm. Soc., Si, 3732 (1932). 

7 Bltinch../. ylm. C/icm.Soc., 00, 2419 (1938). 

« n C/iem. Soc., 76, 2118 (1953). 

York 1958 rh” F.^fccU in Orgonic ChcmUlry, .John Wilev & Sons, Xew 

forruinv --eferonce gives „ detailed diseunsion of the meeha'nism of oleSn- 

e'i-mation” a., one in whieh the 
^ T of the ineipient double bond. In the present 

f^dZn rin? f -enne ja,t defined. In alieyelie eompound., of eight 
vanthnL ® T 7 ‘h«t the ^-hydrogen atom airbe e,> to the 

Chem. nevlZZ, ^y DuPuy and King, 
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Subsequent decomposition, with Bimoltaneoiis further bond making and 
breakmg, gives the olefin and an onstable dithiocarbonate derivative 
which subsequently decomposes to carbon oxysulfide and a mercaptan. 


H H 



C CSR C CSR C I 

/i\ / /\ / /\ RSH + COS 

o o 

Huckel, Tappe, and Legutke* appear to have been the first to note that 
the reaction involved a cu-^-hydrogen atom, although Hurd and Blunck* 
had made a similar observation earlier with regard to carboxylic esters. 
Huckel, Tappe, and Legutke postulated a concerted reaction in which the 
thiol sulfur atom, rather than the thion sulfur atom, attacked and removed 
the cts-/J*hydrogen atom. 

This suggestion was modified by Barton** and by Cram,** who proposed 
that the reaction was completely concerted, involved a eM-/S-hydiogen 
atom in alioyclic compounds, and required that the more nucleophilic and 
less hindered thion sulfur atom attack the /^-hydrogen atom Evidence 
that the thion sulfur atom, rather than the thiol sulfur atom, attacked 
the /3-hydrogen atom was obuined by Bader and Bourns** who made a 
study of sulfur and carbon isotope effects for the pyrolysis of fnine-2- 
methyl-l-indanyl xanthate of natural isotopic abundance, Predicted 
isotope effects for the thiol sulfur, thioii sulfur, and carbonyl carbon were 
obtained by use of the Bigeleisen equation.** As shown in Table I, the 
observed isotope effect agreed with the one predicted for the mechanism 
involving the thion sulfur atom 

Cram in his work on the methyl xanlhates of the 3-phenyl-2-butanols** 
and 1,2-diphenyl-l-propanols,’* also demonstrated that for acyclic com- 
pounds the same concerted reaction took place witha high stereospecificity, 
and that application of the principle of asymmetric induction led to the 
prediction of the configuration of the olefin. 

Barton*® proposed the term “molecular mechanism" for reactions such 
as the Chugaev reaction, carboxylic ester pyrolyses, and others, which 
proceed through a cyclic tranrition state involving neither ions nor 
radicals, but rather a redistribution of the electrorw accompanied by bond 

• HOckfl T«ppf. UgulVf, An ^ , MS. ISI (1S40). 

•• B.rlon J Chtm Soc . 1949, SIM. 

» a»rr,.J.Am Ctum . 71. 39*3 <IS4») 

Can. cars . 89, S4S (IMI). 
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making and breaking. He nI.so correlated and predieted the configurations 
of a number of terpencs and other bicj'clic compounds, using as a basis the 
preferred cis course of the Chugacv reaction, 

TABLE 1 

Isotope Effects in the Pyhoi.y.sis at SO' of .S-Methyi, 
<rfni.S-2-JlETnYI.-l -INDANYI, Xanth.^te 

Per Cent Isotope Eftoct, lQ0{k^'lk^^ — I)’ 



Tiiiol Sulfur 

Tliion Sulfur 

Carbonyl Carbon 

Predicted 

S’-/S’‘ 

S”/S” 

c'vc” 

Thiol suMur 

~1.2 

0.0 

.S.0-4.0 

Thion sulfur 

~0.0 

p 

b 

~0.0 

Found 

0.21 ± 0.07 

0.80 ±0.10 

O.O t ± 0.00 


° k^/k^^ is the ratio of the pyrolysis rate constants for the light anil heavy 
isotopes. 

Alexander and IMudrak*^”'® provided further convincing evidence for 
the cis elimination course. The methyl xanthates of cis- and trans-2- 
phenylcyclohexanol gave phenylc 3 ’clohexenes corresponding to cis 
elimination.'"' The methjd xanthate of cis-2-methjd-l-tetralol, which has 
no cis-^-hyAiogen atom, ivas stable to pjTolysis, whereas the trans isomer 
readily underwent p^Tol^'sis to give 3,4-dihydro-2-meth3’lnaphthalene.'® 
Similar results were obtained vith the methyl xanthates of the cis- and 
trans-2-methyl-l-indanols.'® 

The concerted cis elimination mechanism of the Chugaev reaction 
requires that it be unimolecular and exhibit first-order kinetics. Evidence 
that this is so was provided b 3 ^ a kinetic stud 3 ' of the p 3 Tolysis of a number 
of xanthates of 3/S-cholestanol and cholesterol. "• " All the compounds 
studied showed first-order kinetics for the p 3 Tol 3 'sis reaction, and neither 
the rate nor the order of the reaction was aSected by the addition of glass 
wool, a 2- and 3-cholestene mixture, or radical chain inhibitors such as 
hydroquinone, diphenylamine, and picric acid. Negative entropies of 
activation were obtained — an indication that the transition state was 
highly ordered, as would be expected of a concerted cyclic process.' 

Several details of the mechanism, however, still require fiuther study. 
A number of xanthate pyrolyses have been reported in which significant 
amounts of tram elimination were observed. Included among the 


Alexander and Sludrak, J. Am. Chem. Soc.^ 72, 1810 (1950). 
Alexander and IVIudrak, J. Am. Chem.Soc., 72, 3194 (1950). 
Alexander and Mudrak, J. Am. Chem. Soc., 73, 59 (1951). 
O’Connor and Nace, J. Am. Chem. Soc.., 74, 5454 (1952). 
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examples are the methyl xanthates of the a-decalols,* pinocampheol (I)>® 
and neothujol (II) 


CH, S CH, S 

I II H I H II 

ocscir, oc! 

€/ a 

A 

I II 


It is perhaps significant that all the xanthates that underwent trans 
elimination were liquids that could not be purified by distillation. Thus 
it is passible that some isomerization of the alkoxide ion occurred before 
the addition of carbon disulfide, and that the apparent trans elimination 
products actually arose from the presence of an Isomeric lanthate. 

SeTeral unambiguous examplesoftniRS elimination in xanthatepjrolysea 
have been reported by Bordwell and Landis.*’’** The methyl xanthate 
(III) of ew-2’P’toluenesulfonylcycloheianol gave the trans elimination 
product, I’P’toIuenesulfonyl’I’Cyclohezene (IV) in 40% yield, and little 
or none of the cm product. 3-p-toluenesulfonyl*l’Cyclohexene (V).*’ 


SO,0,n,CH,’P 

I “ 





The methyl xanthate (VI) of (+) crytAro-S-p-toluenesulfony' 
butanol gave cM-2-p-toIuene8ulfonyl-2-butcne (VII), the trarts eliic' 
product, in 38% yield ** 




^SOiC«H«CHr-l> 


*** xanthates of primary 
of secondary or tertiary 
^^3 /r a comparison. In view 

VI >rimary alcohols under mild 

,V.J Rus> Phy. Ch.m . 3f. 13*4 of Primary alcohols 

itov and Skworiov, j praU. Chem . (3) 63 m why xanthates of primary 
,ndRead.,r ch<r. ,f moic highly substituted Ones. 

iv . 33. 3118 (1»00) * •' 

V. Ber. 34. 2278 (1901) .8 

‘JJ Md Xandia- *7 .4 »* CAtm Soe , 86 


I (1333) [C 4 . £8. 


(1934)] 
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Bordwell and Landis presented evidence that these eliminations proceed 
by initial ionization of the /?-hydrogen atom, rendered more labile by the 
sulfonyl group on the same carbon atom, to give a dipolar ion intermediate. 
This intermediate then rearranges to the sterically more favored conforma- 
tion before decomposing to give the olefin. In each of the cases above, the 
isomeric trans- or iZtreo-xanthate gave the same olefin. The effect of other 
labilizing groups on the /5-hydrogen atom has not been investigated. 


SCOPE AND LIMITATIONS 

Olefin-forming xanthates have been prepared (and pyrol 3 ^ed) from 
primary alcohols, secondary acyclic and alicyclic alcohols, tertiary acychc 
and alicyclic alcohols, glycols, and dihaloalkanes. The S-methyl xanthates 
have been most frequently employed, but higher S-alkyl and S-benzyl 
and substituted S-benzyl xanthates have also been used. 


Xanthates of Primary Alcohols 

Pyrolyses of xanthates of primary alcohols are surprisingly few in 
number. n-Amyl S-methyl xanthate gave 1-pentene (15%), and isoamyl 
S-methyl xanthate gave isopropylethylene (15%).^* It was stated that 
these yields were minimal and could probably be doubled by more careful 
isolation of the olefins. 

The methyl xanthate (VIII) of neopentyl alcohol, which has no /5- 
Lydrogen atom, rearranged on p 3 Tolysis to give the more stable dithio- 
thabonate IX in 70% yield.^® 
of xan. 

studied sn^ S O 

the rate nor || || 

wool, a 2- and jbO^CHjOCSCHj (CH 3 ) 3 COIl 2 SCSCIl 3 

hydroquinone, dipl^^^ 
activation were obtai. 

highly ordered, as woultfbate (X), which also has no ^-hydrogen atom 
Several details of the rP> on pyrolysis at 160-185° gave stilbene 
A number of xanthate pyrT/o)” and the dithiocarbonate XI.^^ The 
amounts of trans eliminajs at 290° gave stilbene (60%) and toluene 


'* Alexander and JIudrak, J. Am. <7^'"- S5. 3809 (1933). 

n Alexander and Mudrak. J. Am. h « ’ 60S9 (1940)]. 

A^^eLnder and Mudrak. .7. Am. h “OST (1946)]. 

- O’Connor and Nace, J. An.. Okenr Ohem., (2) 112, 164 (1926). 
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(25%). Although these pyrolyses appear to involve free-radical inter- 
mediates, little direct evidence with respect to the mechanism is available. 

S 

II 

C,H,CH,OOSCII, -» C,H,CH=CHC,H» + + 

O 

II 

C,HjCII»8CSCH, — * gtilbene -f toluene 
XI 

The methyl xanthates of cyclohexylcarbinol and 4.methyIcycIohexyl- 
carbinol were p 3 rroly 2 ed to give, in unstated yield, methylenecyclohexane 
and inethylene-4-methylcycloheiane,** respectively. 

The methyl xanthate (XII) of diacetone galactose underwent pyrolysis 
on heating, but the unidentified product was not an olefin.*'’ 



Although the statement has been made that xanthates of primary 
alcohols are more stable to pyrolysis than those of secondary or tertiary 
alcohols,” there is not enough evidence to allow a comparison. In view 
of the lack of good methods for dehydrating primary alcohols under mild 
conditions, further study of the pyrolysis of ocanthatea of primary alcohols 
seems desirable. There is no obvioos reason why xanthates of primary 
alcohols should be more stable than those of more highly substituted ones. 

M Alc-xindrovitwh. J. On Chtm <r.S.F Jt ), S. SS (1S33)1C. 4 . {), S317 (IS34J) 

M Fr«id«.nberg »nd Wolf. Brr . W. *3* (1917) 
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Xanthates of Secondary Alcohols 

The Chugaev reaction has been widely employed for the conversion of 
both acyclic and alicyclic secondary alcohols to olefins. 

Acyclic Alcohols. Depending on the degree of substitution on the 
carbon atoms adjacent to the carbinol carbon atom of acyclic alcohols, 
elimination may proceed in more than one direction to give structural 
isomers. These in turn may be mixtures of cis and trans forms. Where 
elimination is possible in only one direction, the olefin may be cis or tram, 
again depending on the degree of substitution. 

The configuration of the olefin is determined, in part, by the stereo- 
chemistry of the xanthatc. In acyclic compounds the /9-hydrogen atom 
and the xanthate group must be coplanar in the transition state, and this 
requirement in turn determines the configuration of the olefin. If more 
than one ^-hydrogen atom is present, both the cis and the tram isomer 
may result, the proportion being partially dependent on the size of the 
other substituents on the two incipient olefin carbon atoms. When the 
steric factor is not dominant, the thermodjmamically more stable tram 
olefin will predominate. 

At least three factors determine the direction of elimination in xanthate 
pyrolysis (and ester pyrolyses in general): (1) the statistical, whereby the 
carbon atom carrying the greatest number of hydrogen atoms provides 
more chances for formation of the cyclic transition state; (2) the thermo- 
dynamic, whereby the more stable of the various possible olefins is pre- 
ferred (the stability depending on the degree of “olefin- eharacter” in the 
transition state), and (3) the steric, which affects the energies of the 
various possible transition states. 

In many Chugaev reactions involving acyclic secondary alcohols, it is 
difficult to determine which of these three factors is dominant, and 
frequently one factor is excluded or is opposed by the other two. How- 
ever, an understanding of them is useful in predicting the outcome of the 
Chugaev reaction. 

The pyrolyses of the S-methyl xanthates of erythro- and threo-1,2- 
diphenyl-l-propanol, where elimination in only one direction is possible, 
afford an interesting example of the effect of steric factors on the ease of 
decomposition of the xanthate and provide good evidence that the 
Chugaev reaction proceeds by a cis elimination with acyclic compounds.^^ 

In the cyclic transition state (XIII) for the S-methyl xanthate of 
ery<^ro-l,2-diphenyl-l-propanol, the phenyl groups are on opposite sides 
of the incipient double bond; the only olefin isolated was trans-cf.-methyl- 
stilbene (XIV, 77%).” 
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SCHj 

Conversely, m the transition state (XV') for the /Areo-xanthate, the 
phenyl groups are on the same side of the incipient double bond ; the only 
olefin isolated was CM-a-methybtitbene (XV'I, C5%>.‘* 




/C*Hs 

H 


XVI 

Decomposition of the eryMrt>>xanthat« began at 130*, and of the ihrto- 
at 145°, showing that the interference betiveen the two phenyl groups 
increased the activation energy of the latter pyrolysis. 

The pyrolysis of the methyl xanthate of diethylcarbinol gave Iraris-S- 
pentene in 55% yield (alfcyl groups on opposite sides of the incipient 
double bond in the transition state) and c««-2-pentene in 33% yield’* 
(alkyl groups on the same side), further illustiatir^ the steric effects. 

The methyl xanthate of di-undecylcarbinol gave ll-tncosene; the 
yield and configuration were not stated ’* 

The utility of the Chugaev reaction for the formation of olefins without 
rearrangement of the carbon skeleton is shown by the following examples. 

Cir,CHOnC{CHj), -♦S-methyl lanthate -* CH,=CHC(CH, ), {Ref, 33) 

<74%) <58%) 

CH,CHOHC{CH, ),CII,CU,-»- 8-methyl xanthate—* 

(75%) 

CII,=CHC{CH,),CH,CH, (Ref 33) 
(»7%) 

» Bonkeser. Hszrira and Burroua, X Am Clu» 89 c, 81. 5374 (193S) 

» Fetrow, Karaasew. and TMhelzowa, BkH aoc titm Frma, (5) 3, 174 (1936), 

• ■ Schurman and Board, .T Am CSam Soc, 55. 4430 (1933) 
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0 H 30 Il 20 H 0 HC(CH 3)3 -> S-methyl xanthate -v 

( 00 %) 

CH 3 CH=CHC(CH 3)3 (Ref. 33) 
(73%) 

CH 3 CH 3 CH 3 CHOHC(CIl 3)3 -> S-methyl xanthate -► 

(63%) 

CHaCHiCn^CHCiCH^k (Refs. 31, 33) 

(tram, 63-82%) 

Cri 3 CH 2 CHOHC(CH 3 ) 2 CHjCH 3 -v S-methyl xanthate -► 

(41%) 

CH 3 CH==CHC(CH 3 ) 2 CH 2 CH 3 (Ref. 33) 
(55%) 


cri. 

CHj 

/ 

/ 

CHjCHOHCH S-methyl xanthate -v CHj 

.=CHCH 

\ 

\ 

CHj 

CH 2 

(52%) 

(42%) 

o 

CHj 

II 



+ CHaSCSCHlCHjlCH (Ref. 34) 

\ 

CHj 

Each of these alcohols is of the type which on non-pyrolytic dehydration 
gives rearranged olefins.3'7 Thus methylcyclopropylcarhinol on dehydra- 
tion with sulfuric acid gave vinylcyclopropane (8%), 1,4-pentadiene 
(0.4%), cyclopentene (0.9%), and 2-methyltetrahydrofuran (10%). The 
acetate of the same carbinol, in contrast to the xanthate, gave vinylcyclo- 
propane (10%), cyclopentene (60%), 1,4-pentadiene (9%), and trace 
amounts of isoprene and (rans-l,3-pentadiene.®^ 

In three of the olefins above, cis-trans isomerism is possible, but only 
in the case of (rawa-2,2-dimethyl-3-hexene was the configuration deter- 
mined. The bulk of the (-butyl and ethyl groups is apparently too large 
to permit the formation of the cis olefin. Presumably 2,2-dimethyl-3- 
pentene and 3,3-dimethyl-4-hexene also have the trans configuration for 
the same reason. 

When elimination in more than one direction is possible, and more than 
one /9-hydrogen atom is available on each carbon atom, the synthetic 
utility of the Chugaev reaction is greatly diminished by the formation of 
complex mixtures of olefins. 

Overberger ond Borchert, J. Am. Chem, Soc., 82, 4896 (1960). 

Wagner and Zook, Synthetic Organic Ckemvttry, p. 32, John Wiley & Sons, New York, 

1953. 
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The S-methyl xanthate (25% yield) of 3-hexanol gave <ro»i5-3-hexene 
<28%), c»«-3-hexene (13%). <raiw-2-heiene (29%), and ciV2-hexene 
(13%)®' Similarly, the S-metbyl xanthate (30% yield) of ethyhso- 
butylcarbinol gave frana-2-methyl-3-hesene (43%), cts-2-methyl-3-hexene 
(5%), IranJ-2-methyl-4-hexene (28%), aod <;i#-2-methyI-4-hexene (9%) ” 
As expected, the direction of eliminabon in these examples conforms to 
statistical prediction, and the Irons isomer predominates over the cis. 

When the S-methyl xanthate of ethylneopentylcarbmol is pyrolyzed, 
a strong preference for elimination toward the bulky alkyl group is 
evidenced Thus 2,2-dimethyl-3-hexcne (58% irons, 2% cis) is formed 
in G0% yield and 2,2-dimethyl-4-hexene (21% irons, 5% eis) is formed in 
only 26% yield ®‘ The explanation advanced for this behavior is that, 
when the xanthate moves into the transition state (XVII) for climmation 
toward the bulky alkyl group, some steric assistance is provided by the 
separation of the ester and Lbutyl groups, or the ethyl and Lbutyl groups, 
and this sterio assistance is not provided when elimination proceeds in 
the other direction (XVIII).*' 



0(CHj)s 


The pyrolysis of S-methyl sec-octyl xanthate gave a mixture of 2-octene 
(21-23%) and 1-octene (23-25%) ** Although the terminal olefin is less 
stable it is favored statistically because there are three hydrogen atoms 
available for elimination in this direction, compared to two in the other 

The S-methyl xanthate (XIX, 57% yield) of methylcyclohexylcarbinol 
gave a mixture consisting of cyclohexylethylene (XX, 32%), and ethyli- 
denecyclohexane (XXI, 20%) *• Although the statistical factor favors 
the formation of cyclohexylethylene, no information about the relative 
stabibtics of the two olefins is avmlable. 

The pyrolysis of the xanthates of ery/iro- and <Areo-3-phenyl-2-butanol" 
illustrates the difficulty of asseasiiig all three of the factors (statistical, 

>• BenkeMr sncl Razdra, / Arri Chat foe . gt, 326 (1SS9) 
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S CHj 

II II 

CH3CHOCSCH3 CH CHCH3 



XIX XX XXI 


thermodynamic, and steric) involved in predicting the course of elimina- 
tion. The S-methyl xanthate (XXII) of eri/iAro-3-phenyl-2-butanol gave 
2-phenyl-3-butene (XXIII, 32%), <ran«-2-phenyl-2-butene (XXIV, 45%), 
and cts-2-phenyl-2-butene (XXV, 5%).^^ 


CHg 

-!ic- 

ctHs i 


H 


iN 


0 


CH, 




'CSCH3 

xxu 


CH3CH(C6H5)CH=CH2 + 
XXllt 


H 


CH3 

\ / 

;c=c 

CsHj CH3 
XXIV 


CH3 /. 

>=\ 

CgHg H 

XXV 


,CH3 


CH3 
CsHs H 


,.CH3 


\/ 

CSCH3 

XXVI 


The yields of olefins from the corresponding lAreo-xanthate XXVI were 
36% of the cis olefin XXV, 11% of the trans olefin XXIV, and 37% of 
the terminal olefin XXIII. For each xanthate, the statistical factor 
favors terminal olefin, the thermodynamic factor favors internal olefin, 
and it is difficult to evaluate the steric factors. 

The isolation of cis olefin (5%) from the ery thro -xanthate and trans 
olefin (11 %) from the threo-xanthate appears to indicate a trans elimination 
path for the Chugaev reaction. However, several other explanations may 
be suggested. The pyrolysis could have proceeded by an inter-, rather 
than an intra-molecular path.^* Little or no evidence is available to 
indicate whether such a route is available for pyrolytic eliminations, 
however. 
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A second explanation lies in the fact that the xanthates were liquids, 
purified by distillation, and each may not have been free of the other 
isomer. In the first step in the preparation of the xanthates the corre- 
sponding alcohol was heated under redui with potassium metal It is 
well known that metal alkoxides can undergo epimerization under these 
conditions *’ The presence of a small amount of the isomeric xanthate 
would be difficult to detect, although its presence might be shown by 
conversion to the corresponding phenylhydrazine derivative (XXVII),’* 
followed by fractional cr 3 «tallizatk>n or chromatography. 


S S 

II I 

ROCSCH, + C.HjNHNH, ROCNHSHC.H, + CH,SH 

XXVZI 

It is also possible that a portion of the xsnthate decomposes by a 
reaction path involving the formation of the dipolar ion type of inter- 
mediate,” discussed previously, which leads to olefins by a route quite 
different from the concerted Chugaev reaction. 

Pinally, a portion of the xanthate decomposition may be peroxide 
induced, again following a different path, as discussed below for the case 
of (--)-menthyl S-methyl xanthate Other examples of apparent Irons 
Chugaev decompositions will be noted, and the same possible explanations 
may be applied Further study is obviously necessary to determine the 
correct explanation 

Similar results were obtained with the S-methyl xanthate of erylAro-2. 
phenyl-3-pentanol, which gave 2-phenyl-3-hexene (37%), tro?M-2-phenyI- 
2-hexene (27%), and cis-2-phenyl-2-he*ene (4%), the last compound 
corresponding to a iroiw Chugaev elimination.** 

Alicycllc Alcohols. In the pyrolysb of the xanthates of alicyclic 
secondary alcohols, an additional restriction on the stereochemistry is 
imposed if the Chugaev reaction is to proceed by the cis ehmination path. 
Coplanarity of the ^-hydrogen atom and the xanthate group is required 
in the cyclic transition state, and, m order to avoid high energies due to 
bond and rmg distortion, the groups must be cb to each other. For six- 
membered rings, this requires that one group be axial and the other 
equatorial It has been pointed out" that theoretically the two groups 
can be trans and diequatorial, but that considerable rmg distortion is 
required for coplananty in the transition state This high energy 

>’ Doering end Aschner, J Am CAem foe . 71. SSS (IMS) 

Eulmsr and Mann. J CAen Sac . 1H5, 6«e 

** Deuben and Fitser, m Newman, Siena £^ecfa tM Or^TRtc CAeoKerry, p 49, John Wiley 
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requirement makes tram elimination unlikely under the usual conditions 
of the Chugaev reaction. 

The reaction thus becomes a useful method for determining the con- 
figuration of cyclic /?-substituted alcohols, since the relationship of the 
hydroxyl and substituent is readily ascertainable by observation of the 
direction of elimination of the xanthate. The steric course also has 
synthetic applications, since the position of the double bond to be intro- 
duced can be controlled by choosing the appropriate isomer for pyrolysis. 

In the one reported example of the pyrolysis of a cyclobutyl xanthate, 
ring cleavage occurred. Cyclobutyl S-methyl xanthate (XXVIII, 84% 
yield) was pyrolyzed at 255° to give 1,3-butadiene in quantitative yield.^” 
The reaction was pictured^'’ as involving the simultaneous redistribution 
of electrons and bond making and breaking, as shown for XXVIII- 



CHj 

CHj 

H N 

II 

II 

CH OH 2 ^ CH 

V 1 1 

-CH 

1 /I 

H f 0 

t r 

4- 

-f 

S=0— SOH 3 
XXVIII 

OH 3 SH 

SCO 


Several examples involving five-membered rings have been reported. 
The S-methyl xanthate (90% yield) of cyclopentanol at 255° gave cyclo- 
pentene in 70% yield.'*® 

Pyrolysis of the S-methyl xanthate (XXIX) of iran5-l-hydroxy-2- 
methylindane at 98-100° gave 2-methylindene (XXX) in 80% yield.*® 
When the corresponding cis-xanthate (XXXI) was pyrolyzed at the same 



XXIX XXX XXXI 


temperature, the yield of 2-methylindene was only 20%, regardless of the 
pyrolysis time,*® suggesting the presence of an impurity in the xanthate. 
At higher temperatures, more deep-seated decomposition was observed, 
with no increase in yield of 2-methylindene. 


“ Roberts and Sauer, J. Am. Chem. Soc., 71, 3925 (1949). 
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No such complications were encoimteied in the pyrol3^e3 of the homo- 
logous tetralyl isomers.** trajw-S-lUethy! 2-methy]-l-tetralyl xanthate 
(XXXII) pyrolyzed readily at 98-100® to 2-mcthyl-3,4-dihydronaphtha. 
lene (XXXIII), while the eia isomer (XXXIV) was inert. 



I I 

SCH, SCH, 

xxxir xxxiti XXXIV 


In general, xanthates derived from substituted cyclohexanols undergo 
the Chugaev reaction in the expected manner at temperatures in the 
range 100-250®, as shown by the following examples 



S-meth^l xaulhate 
(60%) 


CH, CH, 

6^6 


(Ref. 41) 


*-S-meth7l xanthate — 


6 


(Ref. 42) 


C(CH,), 



' S-methyl xanthate — ^ 


C(CH,), 

g 


{Ref. 43) 


•I Msrkownikov and Sudnikov. J X«m Pkys Ckem Sm: , 35, 392 (1903) [Chcm Zintr , 
1903 U. *891, Ann . 338. 310 (ISM) 

•• Nxmetkin .nd BruMov. Bcr . 58. 1807 (IS*S) 

• > Bordvrell and LandiB, J Am Cism Buc , M. S3T9 (1058). 
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C(CH3)3 C(CH3)3 



OH 

(trans) ( 62 %) 


(Ref. 44) 


CeHs 



(cis) 


S-methyl xanthate 

(90%) 



(Refs. 14, 45) 


( 68 - 87 %) 


( 0 - 3 %) 



itrans) 


(Ref. 14) 





• S-mefchyl xanthate - 



OH 


( 47 %) 


(Ref. 14) 


A few examples -with substituents other than alkyl or aryl have been 
reported. The S-methyl xanthate (XXXV) of ethyl (mTW-cyclohexanol- 
2-carboxylate gave only ethyl 1-cyclohexenecarboxylate (XXXVI) in 34% 
yield.'*® 

S 



XXXV 


o 

XXXVI 


** Winstein and Holness, J. Am. Chem. Soc., 77t 6562 (1955). 

“ Berti, J. Am. Chem. Soc., 76, 1216 (1954). 

Mousseron and Canet, Compt. rend., 233, 525 (1951); Bull. eoc. chim. France, 1652, 190. 



OLEFINS BY PYKOLYSIS OF XANTHATES 


cis-2-2>-Tolylthiocyclohexyl S-methyl xanthate (XXXVII) gave 2-p- 
toIyIthio-1-cyclohexene (XXXVIII, 49-51%) accompanied by as much 
as 5-10% of the tram elimination {noduct, 1-p-tolyIthio-I-cycIohexene 
(XXXIX). The isomeric Innia-xanthate (XL) gave l-p-tolylthio-l- 
cycloheiene (XXXIX. 85% yield).** 


When the corresponding eutfonee were pyrolyxed, the reaction appeared 
to follow a different course. <ra»w-2-p-TolyIsulfonyleyclohexyl S-iaethyl 
xanthate (XLI) gave l-p-tolylsulfonyl-l-cyciohexene (XLII, 77%), 
corresponding to cie elimination. However, the ci) isomer XLIII gave 
almost exclusively the same olefin m 40% yield, corresponding to a tram 
elimination ** 

so,c.H,cn,-p so,c,if,cn:,-p so,c,ir,cir,-p 

** OCSCH, I I ^OCSCH, 

6 ^ -o 

jtLI ^tlll 

As m the case of the analogous ai^cIic sulfonyl-substituted compounds 
referred to earber, the hypothesis has been advanced that the p5Toly8is 
involves the formation of a dipolar ion XLIV, which decomposes to the 
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olefin.^® This stcp^vise decomposition is believed to be energetically more 
favorable than a concerted one because of the increased acidity of the 
/9-hydrogen atom which is adjacent to the sulfonyl group. 

The cis- and trans-a.- and -^-decalyl S-methyl xanthates have been 
pyrolyzed at temperatures between 100° and 210° to yield mixtures of 
olefins. “• 

One example of the pyrolysis of a cycloheptyl xanthate has been 
reported. The S-methyl xanthate of l,l,7-trimethyl-2-hydroxy-3- 
diethoxymethylcycloheptane (XLV), heated at 200-210° in the presence 
of copper-bronze, gave in 50% jdeld an olefin of unknovn structure, 
isomeric ■with the expected product.*® 



XLV 

Pyrolysis of the S-methyl xanthates of cyclooctanol*®® cyclononanol,*®*' 
and cyclodecanol*®*’ ° points out that pyrolytic cis eliminations of alicychc 
compounds give cis olefins only when the carbocyclic ring has eight or 
fewer carbon atoms. Thus cyclooctyl S-methyl xanthate when pyrolyzed 
at 135-290° gave cis-cyclooctene (88%) and no tran^ isomer.*®“ 

Cyclononyl S-methyl xanthate gave mixtures of cis- and trans-cyclo- 
nonene, and, above 400°, ring cleavage was observed in addition to the 


CO-' — 1 

OCSCH 3 ' 







Temp. 

% ci$ 

% trarxs 

% diene 

120-130' 

21 

14 

0 

360' 

24 

20 

0 

400' 

30 

7 

Trace 

450' 

32 

6 

4.5 

500* 

12 

0 

12 


normal elimination.*®® Two explanations were proposed for the formation 
of the 1,8-nonadiene. One explanation, that the diene is formed by 
rearrangement of cyclononenes, is supported by studies on the thermal 


" Hfickel and Naab, Ann., 502, 136 (1933). 

Ruzicka, Seidel, Schinz, and Pfeiffer, Helv. Chim. Acta, 81, 422 (1948). 

** (a) A. C. Cope and M. Youngquist, to be published. ( 6 ) Blomquist and Taussig. 
Ch€m.Soc.,’7Q, 3505 (1957). (c) Blomquist and Gkildstein, Am. CAem. 77, 1001 (1055). 
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decomposition of mixtures of the two cyclonoaenes at 500® which show 
that the cis and, especially, the trana isomer undergo transannular 
mtramolecular rearrangement to the open-chain diene. The other, that 
the reaction goes through a six-membered cyclic transition state involvmg 
the oxygen atom and a hydrogen on the C-4 carbon atom, is suggested 
because such a transition state appears quite feasible stencally,**‘ 
Apparently neither route is enngetically as favored as the Chugaev 
reaction at temperatures below 450® 

^Vhen cyclodecyl S-methyl xanthate is pyrolyzed (135-220®), the Irons 
olefin (38-50%) predominates over the ei» 

The Chugaev reaction has had wide application m the study of both 
83inthetic and structural problems in the terpenoid field The reaction 
has been used to determme the cemfiguration of hydroxyl groups, and. 
conversely, when configuration was known, the position of the double 
bond introduced by pyrolysis of the xanthate has been inferred on the 
basis of the preferred cis course of the Chugaev reaction.** 

The availability of gas chromatography and nuclear magnetic resonance 
should stimulate and facilitate reinvestigation of those examples of the 
Chugaev reaction with terpenoids where the stereochemistry of the 
alcohol and the composition (presence of isomers) of the alcohol or olefin 
were not known with certainty 

Camphenilyl S-methyl xanthate (XLVI) was pyrolyred to give, in 
unstated yield, apobomylene (XLVII), with** or without** the additional 
product, apoeyclene (XLVriI) 



Apobomylene represents a rearrangement product, while the apoeyclene 
indicates elimmation of a hydrogen atom from a carbon atom to the 
xanthate-beanng carbon atom of the ring. In a sense this hydrogen 
atom IS equivalent to a ^-hydrogen atom. It is known that compounds 
of these types may be in equilibrium at elevated temperatures in the 
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presence of silica and alumina,®^' and thus one of these products may be 
an artifact rather than a true Chugaev product. 

No rearrangement occurred with ( — )-bomyl S-methyl xanthate 
(XLIX), which gave ( + )-bomylene in yields up to 96%/® or 

(+)-bomylene and tricyclene (LI).®’>®® However, the pyrolysis of 



S 

XLlX L 


(— )-homyl dixanthide (LII) gave camphene (LIII)®® in addition to 
(+)-bomylene (L) and (— )-bomeol (LIV). 



L 


(+)-Bomyl®® and ( — )-epihomyI (LV)®® S-methyl xanthates gave onlj' 
( ^)-bornylene (L), but isobom3’-] S-methyl xanthate (LVJ) gave only the 
rearranged product, camphene (LIII),®‘ again indicating rearrangement 
during or after the elimination. 

** Schlej-er, J. Am, Chtm. Soc.^ 80, 1700 (1958). 

Swnnn nnd Cripwell, Jnd. Eng. Chtm., 40, 573 (1048). 

** McAlpino, J. CAcm. iSoc., 1931, 1114. 

“ Chupnev, J. Euss. Phys. Chem. Soc., 36, 088 (1004) [Chtm. Zentr., 1605. I. ^3). 

•• Chupnev and Budrick. Ann,, 388, 280 (1012). 

Hendcraon nnd Caw, J, Chem. Soc„ 101, 1416 (1012). 

** Shrinor nnd Sutherland, J. Am. Chfm. Soc., 60, 1314 (1938). 

*• McAlpirif. Chftn. Soc., 1932, 912, 

Bn'dt nnd Perkin, Jr., J, Chtm. Soc., 103. 2224 (1913). 

Hockel. Bfr., 77, 805 (1944). 
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Pyroli'sis of the S-methyl xanthate (LVII) of *-isofenchyl alcohol gave 
isofenchyiene (LVIII)'*-'* and, in one instance, a-fenchene (LIX) and 
cyclofenchene (LX) ** 



The S-methvl xanthate (LXI) of a-fenchyl alcohol should be incapable 
of undergoing'the Chugaev reaction, since there are no hydrogen atoms, 
CM or IraM, on either of the carbon atoms adjacent to the one carrying the 
xanthate group. However, it has been reported**- to give a-fenchene 
(LIX) and cyclofenchene (LX) in yields up to 72%** for the mixture of 
olefins. Cyclofenchene results from eJiroinalion of a hydrogen atom from 
a y-cai-bon atom, while a-fenchene must arise by rearrangement. 



UX 


LX 


•< NAmetkin 
•• N«metkin 

(1911)1 ^ 

•• KomppB » 
I* Nametkin 
(1994)1 


J pral.1 Ch<m . (S) lOe. as (19») 

and RuahenCzava J Bum Fh^ Chtm So 


\ 417. 27S- ass. 301 (ISIS) 
nd Nyman, Ann . 533. 868 (1938) 

and Selivanova, J Bu»g Ph^ C&em 


(1916) [CA. 11, 583 


(1917) [CA . 18, 1485 
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Several examples from the terpene field further illustrate the stability 
of three- and four-membered rings at the temperatures necessary for 
pyrolysis of xanthates. (— )-Caryl S-methyl xanthate (LXII), when 
heated to its boiUng point, gave A^-carene.®’ 




There are several reports of the pyrolysis, at temperatures up to 190°, 
of the S-methyl xanthate (LXIII) of thujyl alcohol (of uncertain con- 
figuration) to give a-thujene (LXIV), and ^S-thujene 



LXIII Lxrv 



The formation of a-thujene indicates that the xanthate and methyl 
groups must be trans to each other, and this assignment is supported by 
the fact that the S-methyl xanthate (LXVI) of ( — )-neothujyl alcohol gave 
only /3-thujene (LXV).^®'*® 

The S-methyl xanthate (LXVII) of (— )-pinocampheol gave mixtures 
of 5-pinene (LXVIII) and a-pinene (LXIX),'®> the yields in one experi- 
ment being 21 and 17%, respectively.'- The S-methyl xanthate (LXX) 
of isopinocampheol gave a-pinene (LXIX) in 38% yield. No other 
olefins were reported. 


Menon ancrSimonsen, «/. Jndinn IrwI.Sci., lOA, 4 (1927) [C.A,, 21, 3192 (1927)]. 

•* Henderson and RobertBon. •/. Chem. Soc., 123, 1713 (1923). 

•* Kondftkov and Skworzov, J. Iluss, Phys.Chtm.Soc., 42, 497 (1910) Zfrxtr., 1910. 

n, 467]. 

Chugnev and Fomin, Btr., 45, 1293 (1912). 

•> Gildf'mei5ter and Kohl^'r. iroZ/acA Frstschrijt, 414 (1909) {Chfm. Ztnir., 1909, If. 21ii53' 
Schmidt, Bet.. 77. 544 (1944). 
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ixvn 


CHj 

0 



The most thoroughly studied terpenoid xanthate is (— )-inenthyI 
S-methyl xanthate (LXXI), which on pyrolysis gires in 51% yield a 3:1 
mixture of 3-menthene (LXXIl) and 2-tncnthene (LXXIII),'-''* 



UXI Uitii LXXIII 


The occurrence of an unstable form of the xanthate,**' which decom- 
posed at low er temperatures than did the normal xanthate, was shown to 
be due to the presence of peroiidic impunties.” An unstable form of the 
8-methyl xanthate (XLIX) of (-)-bomeol waaalso noted.’* The cause 
of the instability has not been csUblished, although it is probably the same 
as that for the menthyl xanthate Little is known about the effect of 
peroxides on xanthate pyrolyses. 

The effect of varying the S-alkyl group on the stability of the 
xanthate toward pyrolysis was shown qualiUtively by usmg (-).menthyl 
xanthates.’* An S-isopropyl group increased the stability relative to an 
S-methyl group, while an S-benzyl group decreased the stability, and an 
S-p-nitrobenzyl group decreased H still more, suggesting that electro- 
negative groups on the thiol sulfur decrease the activation energy for the 
Chugaev reaction. Replacement of the S-methyl portion by an amide 
group appeared to increase the etabiJity, for temperatures in the range 
200-220“’ were necessary for pyrolysis of the xanthogen amide LXXIV.’* 


I 





menUienes + Nil, + COS 


'• Ntcb Manly and Fu,co. J Or} Cttm . tS. S§7 (lesB) 
« MoAlp.n«. ’c?-^m Soc , 1932, 906 
Chug«v,B«-. 35. 2473 (19021- 
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The dixanthido LXXV appeared to he less stable than the S-methyl 
xanthate, but only one of the menthyl groups underwent elimination, the 
other giving (~)-menthol.'-“ 



LXXV 


-^menthcncs + 



+ CS, 4- S + COS 


The S-meth 3 fl xanthate (LXXVI) of (-f-)-neomenthol gave only 2' 
menthene in 80% jneld.® 



LXXVI 


The S-methyl xanthate (LXXVII) of e7!do-5-hydroxybicyclo-[2.2.1]-2- 
heptene proved difficult to p 3 Tolyze, giving at 250° only a 5% yield of 
bicyclo-[2.2.1]-2,5-heptadiene.’® The corresponding acetate and tn- 
methylammonium hydroxide failed completely to undergo pyrolysis at the 
same temperature.^® 



LXXVII 


The Chugaev reaction has not been widely employed in the steroid 
field, but in the cases studied the yields of olefins were generally high- 
Cholesteryl S-methyl xanthate gave 3,5-cholestadiene in yields up to 
93%.^’'” Good yields (65-90%) were also obtained with a variety of 
other alkyl groups on the thiol sulfur atom.'^ Rate studies on the 


Parham, Hunter, Hanson, and Lahr, J. Am, Chem, Soc.^ 74, 5646 (1952). 
Cck, Van Peursem, and Hollingsworth, J, Am. Chem. Soc., 61, 171 (1939). 
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decomposition of these xanthatea showed that an increase in the electro- 
negativity of the S-alkyl group decreased the stability of the xanthate in 
the following order ^ 

C.H, > CII, > C.IIjCII, > p-CH,OC,H,CU, > p-ClCJIjCH, > 

> p O,NC,H,CII, > (C,Hj),C 

In comparison, eholesteryl methyl trithiocarbonate, in which the oxygen 
atom of the xanthate gronp has been replaced by sulfur, decomposed even 
slower than the S-ethyl xanthate, to give 3,5-cho]e8tadiene in 80% yields 

Cholestanyl S-methyl and S-benzyl xanthatea, on pyrolysis at 230°, 
gave a 1.1 mixture of 2- and 3- cholestene m yields of 94 and 92%, 
respectively 

Xanthatea of Tertiary Alcohols 

The behavior of tertiary alcohols in the Chugaev reaction is comparable 
to that of primary and secondary alcohols, although very few examples 
have been reported. 

Acyclic Tertiary Alcohols. Xanthatea of only four acychc tertiary 
alcohols have been pyrolyzed The S-methyl xanthate (LXXVIII) of 
dimethylcyclopropylcarbmol was pyrolyzed at 13(t>]33° in xylene to give 
iaopropcnylcyclopropane in 24% yield ’• The S-methyl xanthate of 
CII, 

CH, 8 CH, 

|\ I I K 

CHCOCSCII, -»■ CHC(CH,)— CII, 

1/ I 1/ 

CII, CH, CH, 

dimethylcyclobutylcarbinol was pyrolyzed at 100-120° to give a mixture of 
isopropenylcyclobutane and isopropylidenecyclobutane The S-raethyl 
xanthate of ( — ).3-ethoxy-2-inethyl-2-butanol (LXXIX) gave (-i-)-3- 
ethoxy.2-methyI-l-butene m 71% yield * The S-methyl xanthate (LXXX) 
CH, 

I 

(CH,),CCH(CH,)OC,H,-*- OHr=CCH(CH,)OG,H, 

I 

OCSCH, 

|[ 

s 

LXXIX 

’• V.n Volkcnburgh. Greenlee, Pttfer, and Board. J Am CAm. Sr>c . 71, 172 (1941) 

’• Keeinekv. fie' . 69, 950 (1938) 
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of (limcthylcyclohexylcarbinol was pyroij’y.cd at li)0' to give both the txo 
olefin (11%) and the methylene compound (•10%).^'’' 


S 

II 



LXXX 


Alicyclic Tertiary Alcohols. The pyroly.sis nt2.o5" of 1 -methylcyclo- 
butyl S-methj’l xanthatc (LXXXI) gave results comparable to those 
obtained with cj’clohutyl S-methyl xanthatc. The product, obtained in 
SG% 3 dcld, consisted of mcthylcnecvclobutanc (l.o%), l-mcth_vlc\’clobutcne 
(21%), and isoprenc (49%).*^ 

CII, S 

1 11 

CII.— O— OCSCMj — CII C=CII. + CJI.— CCllj -f 

II I ' I ' i * li 

CH,— CII. CH,— CH. CII.— CII 

LX.XXI * ‘ CUi=C(CH,)CH==CH: 

The pjTolysis of the S-methyl xanthntes of several l-alkjdcj’clohexanols 
gave olefin mixtures in jdelds of 46-51%.=’® Analj'sis of the olefin mixtures 
showed that the elimination proceeded so ns to nv’oid forming a double 
bond exo to the six-membered ring, and that increasing substitution on the 
carbinol carbon atom, or the carbon atom adjacent to it, decreased the 
stability of the xanthatc, probably' onong to relief of steric crowding m 
the olefin. 


R' .S R' R' R' 



(LXXXII) H' = K' - H 
(LXXXIII) R' = CH., R' = H 
(LXXXIV) R' = R' = CH. 


Thus the yields of olefins from the methyl cyclohexyl compound 
LXXXII at 200° were 10% exo and 39% endo- from the ethyl compound 
LXXXin at 200°, 6% exo, and 46% endo; and, from the isopropyl 
compound LXXXIV at 100°, 10% exo and 36% endo.^^ 

Semenow, Cox, and Roberts, J. Am, Chem.Soc.^ 78, 3221 (1956). 
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The S-methyl xanthate (LXXXV) of (+)-l-(l'-methoxyethyI)-l-cycIo. 
hexanol gave only the endo olefin LXXXVtfi.** 


I II 

)cn ocscii, cii,ociic: 

5 ^ 6 

LXXXr LXXXVs 


Xanthates of Glycols 

The only unambiguous example of the use of a glycol in the Chugaev 
reaction is the pyrolysis of the mono>S-methyl xenthete (LXXXVI) of 
2,3-butanediol '*'*’ The major product after extended heating at 200” 
waa the cyclic thionoearbonate LXXXVII**-” accompanied by a trace 
of methyl ethyl ketone presumably dericed from the enol formed by 
elimination 


cii.cii— cnen, -*011,00 — choh, + ch.ou.coch, + cir,SH 


OH OCftCH, 


\ / 

c 

I 

s 

utxxrii 


Several xanthates of 1,2-dithioglycols reportedly gave acetylenes and a 
variety of other products. Ethylene dibromide was treated with sodium 
0-ethyl xanthate, and the resnltmg dixanthate LXXXVIII was pyrolyred 


CIIjBr 

I 

CH,Br 


-I- 2 NaSCOC.H,-* 


S 


CU^COC^i 

I CO.S -t- C.IIjSII 

ai.scoc,ir, 

t 

8 


LXXXVIII 


« Lfvin*. »i..l J BiM Chm , US. 55 (ISaS) 

•• FomiD J, Gtn CIttm (USSR}.S, 1192. (1935) IC7.A . SO. 1745 (1936)) 
<> St«v*i>’« l>nd Rirhmon.(. J Avt CLcn Sar , 63. 3132 (1941) 
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at 200 270 to give acetylene (26%), carbon oxysulfide, and ethyl 
mercaptan.s^.ss 

In a similar fashion, 1,2-dibromopropane gave a dixanthate which 
yielded methylacetylene, carbon disulfide, carbon oxysulfide, ethanol, and 
ethyl mercaptan;®^-®® and 1,2-dibromobutane afforded ethylacetylene.®^ 
2,3-Dibromobutane, treated in the same manner, gave butadiene,®^ as 
l)4-dibromo-2-butene.®® The formation of ethyl mercaptan in these 
pyrolyses suggests that the xanthate is partially undergoing pyrolysis in the 
normal fashion, and that ethylene and a 1,2-dithiol should also be formed. 

In direct contrast to these pyrolyses, the pyrolysis of the xanthates 
sho^vn below gave cyclic trithiocarbonates and other unidentified 
products.®® A number of related xanthates were also prepared, but the 
pyrolyses were not described. 

S 

II 

CHjSCOCsHii-i CHj— S 

\ 

c=s 

CH2SCOC5H[jj-t CH 2 — S 

s 

.s 

II 

CH2SCOCsH„-i 

CH, 

I 

CH2SCOC5H„-i 

II 

•S 

Further investigation of the use of glycols in the Chugaev reaction seems 
desirable, since potentially the reaction could provide a good s 3 'nthetic 
route to acet 3 dene deriv’'atives and conjugated dienes. 

COMPARISON WITH OTHER METHODS OF DEHYDRATION 

The most general and videh' u.sed method for dehydration of alcohols 
to olefins is touse an acid, such as sulfuric, phosphoric, orp-toluenesulfonic. 
Since these reagents ma 3 ' promote a carbonium ion tvpe of reaction under 
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the usual conditions, rearrangement of the carbon skeleton frequently 
occurs Solvolytw eluninaUons employing sulfonate esters of alcohols 
possess the same disadvantage In such cases, the Chugaev reaction is 
quite valuable since rearrangements are rare. 

If other acid-senaitive functional groups are also present in the alcohol, 
the Chugaev reaction, utilizing basic conditions, is advantageous 

Although vapor phase dehydration of alcohols over aluminum oxide 
may be superior to acid dehydration in the liquid phase, the high tempera- 
tures required (300-600°) tender the method useless for compounds which 
cannot be vaponzed readily or undergo decomposition or rearrangement.®' 
These disadvantages are minimized at the much lower temperatures 
(100-250°) employed for the Chugaev method 
A dehydration method closely related to the Chugaev reaction is the 
pyrolysis of carboxylic esters, commonly the acetate esters. Although 
such esters undergo eiimioation via the same type of cyclic transition state 
as do xanthates, they are more stable to pyrolysis and requite tempera- 
tures in the range 300-600° They offer the considerable advantages, 
however, that in general they arc much easier to prepare from alcohols 
than are the xanthates, and the olefins are less likely to be contaminated 
by the other decomposition products. A serious disadvantage of the 
Chugaev reaction is that the olefins are frequently contaminated by sulfur- 
containing impurities, which are usually removed by distillation from 
sodium metal with an accompanying decrease in yield 
Carbonate and carbamate eatere’ fall between the xanthate and 
carboxylic esters in stability toward pyrolysis and are easier to prepare 
than xanthates The carbonate esters possess the additional advantage 
that the other decomposition products, carbon dioxide and an alcohol 
(commonly ethyl), are neutral, do not react with the olefins formed, and 
do not have offensive odors However, these esters have not found 
widespread use 

Esters of boric acid are eometiuies quite easy to pyrolyze,*' but further 
investigation of this method is necessary before its generality can be 
assessed 

In summary, the Chugaev reaction offers advantages when it is necessary 
to employ low temperatures, basic reaction conditions, or to avoid 
rearrangements. The disadvantages are the difficulties sometimes 
encountered in the preparation and purification of the xanthate esters, 
and in the removal of sulfur-cowtaTnrng impunties from the olefin. 

In general, ester pyiolyses of all types offer high stereo-selectivity 
because of the restrictions on the orientation of groups necessary to form 

•’ Dtjton, Cook, »na Whitmore.-T An CMcm Soc . 70. S36I (1648) 

O’Connor .nd N.ce, J 4m Chn, 8oe . 77. (l»“f 
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the cyclic transition state. The combination of the pyrolysis method 
with the base-catalyzed trans elimination of sulfonate esters of alcohols 
provides two stereospecific methods for obtaining cis or trans eliminations. 

EXPERIMENTAL CONDITIONS 

Preparation of the Xanthates 

The utility of the Chugaev reaction is partially dependent upon the ease 
of formation and purification of the xanthate. The most commonly 
encountered difficulty in the preparation of xanthates is formation of the 
metal salt of the alcohol. The method usually employed consists in 
heating a solution of the alcohol in ether, benzene, or toluene under reflux 
with metallic sodium or potassium. The substitution of sodium 
hydride^®'^®'’®® for the metal may result in higher yields, especially with 
less reactive alcohols such as sterols.’-’ The use of sodium amide in 
toluene has also been reported,® and the method is convenient in that salt 
formation can be followed by observing the ammonia evolution. 

Sodium salt formation has also been accomplished by means of the 
exchange reaction between potassium sec-amyloxide®® or <-amyloxide.®®’®“ 

It was reported that the yield of xanthate produced by use of powdered 
sodium or potassium hydroxide with an excess of the required alcohol was 
superior to that produced by use of sodium or potassium metal.®® How- 
ever, in a later study it was stated that no essential difference in yield of 
xanthate was obtained.®® 

In one instance, where sodium hydride was used to form the sodium 
salt of the alcohol, epimerization of the alcohol was observed. When 
a-cholestanol in benzene was heated under reflux -with sodium hydride 
and then treated with carbon disulfide and methyl iodide, /S-oholestanyl 
S-methyl xanthate was obtained in 65% yield.” When the reaction was 
attempted under an atmosphere of dry nitrogen, only a-cholestanol was 
recovered. 

Such epimerization of alcohols may occur more frequently than is 
realized, and the presence of the isomeric xanthate could account for some 
of the reports of apparent trans Chugaev eliminations. 

Once the metal salt is obtained, difficulty is rarely encountered in the 
subsequent reactions with carbon disulfide and the aUcyl halide (usually 
methyl iodide). However, in the attempted preparation of cholesteryl 
S-isobutyl xanthate, no xanthate could be obtained, probably o-vving to 
steric hindrance to back-side attack by the sodium xanthate on the 
isobutyl iodide.’ 

Chugaev and GastefF, Ber., 42, 4631 (1909). 

•0 Chugaev, J. Russ. Phys. Chcm. 5oc., 36, 1253 (1904) [Chem. Zentr., 1905, I, 525]. 
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DifTieult y n frequently encountered in the purification of the Xanthate. 
Many xanthfltca are too unstable to permit purification by distillation, 
even under reduced pressure Unlm these santhates can be obtained in 
crystalline form, punfication m limited to uashing «ith water to remove 
inorganicsalCsandunrractedaicohoUorioK'molecular weight. Occasion- 
ally chromatography on alumina can be used for purification of liquid 
xanthafes Many of the xanthatea iHted in Tables II through IV 
were liquids which could not lie purified, and the crude xanthates were 
pyrolyzed directly 

In at least one case {( — pmenthyi S-methyl xanthate] instability of the 
xanthate to ultraviolet light was noted ** This observation suggests that, 
if a xanthate w to be stored for any length of time liefore pyrolysis, it 
should be protected from light 


Decomposition of the Xanthates 

The pyroljiis of the xanthate is usually carried out by distilling Jt under 
atrooaphcnc pressure Depending on the pytolysia temperature end the 
boiUng point of the olefin, it will cither distil with the other decomposi- 
tion pr^ucts or remain behind in the reaction flask. Sulfur-containing 
Imparities may be removed by heating the olefin under reflux with 
Rodium metal. 

It IS sometimes advantageous to conduct the pyTolysia under reduced 
prcMure, thus ensuring that the olefin and other decomposition products 
are removed as fast as they are formed. This method reduces the 
contamination of the olefin by sulfur-containing impurities since it is 
known that mercaptans will add to olefins at elevated temperatures.*^ 

If the stability of the olefin h such that it distils unchanged at its 
boiling point, decomposition can bo effected by dropwise addition of the 
xanthate to boiling diphenyl ether" or aome other high-hoilmg inert 
compound 

EXPERIMeNTAL PROCEDURES 

( ).Menthyl S-Methyl Xanthate |Usb of Metallic Sodium)'-” To a 

solution of 50g, (0.31 mole) of (— I-menthol in 00 ml of toluene is added 
8 g, (0.35 gram atom) of sodium The mixture is heated under reflux for 
32 hours, The mixture is then cooled in an ice bath, the unreacted sodium 
is removed with a wire, and 125 ml. of anhydrous ether is added followed 
by 45 g- of carbon disulfide When the resultant reaction has subsided. 
45 g. of methyl iodide is added, the mixture is heated under reflux for 1 



88 


ORGANIC REACTIONS 


hour and then cooled and filtered. The precipitated sodium iodide is 
washed with ether and the washings added to the filtrate. The solvent 
is then removed at 40°/20 mm. and the residue is taken up in 100 ml. of 
ethanol. Water is added to the point of cloudiness, crystallization is 
induced by scratching, and the mixture is cooled. The first crop, 33.4 g., 
has m.p. 40-40.5°, [a]^ — 80° (1% in CHCI 3 ); the second crop, 10 g., 
m.p. 40^0.5°, [ajn -84° (1% in CHCI 3 ); the third crop, 7 g., m.p. 
39-40.5° (total yield, 65%). 

A 10.0-g. (0.041 mole) sample of the xanthate is heated under reflux at 
145-155° for 6 hours. The residue is then distilled through an efiicient 
semimicro column®^ to give 3.23 g. (56%) of menthenes, b.p. 64.5-65°/ 
22 mm., wg 1.4500, Md + 117° (1% in CHCI 3 ). After a sample is 
epimerized,®® it has [a]^ + 32° (1% in CHCI 3 ), which corresponds to 24% 
of 2-menthene in the original mixture. 

Cyclobutyl S-Methyl Xanthate (Use of Sodium Hydride).^® To a 
stirred suspension of 3.5 g. (0.146 mole) of sodium hydride in 100 ml. of 
dry ether is added dropwise 8 g. (0.11 mole) of cyclobutanol. The 
resulting mixture is heated under reflux for 3 hours. Then 9.7 g. (0.135 
mole) of carbon disulfide is added, the mixture is heated under reflux for 
3 hours, 19.2 g. (0.135 mole) of methyl iodide is added, and the mixtiu'e is 
heated under reflux for an additional 3 hours. Water is then added to 
dissolve the solid material, the ether layer is separated and dried, and the 
ether removed. Distillation at 67°/1.5 mm. yields 14.3 g. (84%) of the 
xanthate. 

The xanthate is pyrolyzed by adding it dropwise to boiling biphenyl to 
yield butadiene, collected as a gas at atmospheric pressure. The yield js 
quantitative. 

Cyclopentanol, when subjected to the same procedure, gives the 
xanthate, b.p. 88°/2,5 mm., in 90% yield. Pyrolysis of the xanthate 
furnishes cyclopentene, collected as the dibromide, in 70% yield. 

Methyl-t-butylcarbinyl S-Methyl Xanthate (Use of Potassium 
<-Amyloxide).®® A mixture of 42.9 g. (1.1 gram atoms) of potassimn, 
85.8 g. (1.1 moles) of i-amyl alcohol, and 1.5 1. of toluene is boiled under 
reflux until the potassium has reacted. Then 102 g. (1 mole) of methyl-^- 
butylcarbinol is added to the hot solution. The solution is cooled and 
115 g. (1.5 moles) of carbon disulfide is slowly added, causing the pre- 
cipitation of the yellow potassium xanthate and the evolution of much 
heat. The mixture is cooled to room temperature, 156 g. (1.1 moles) of 
methyl iodide is added, and the mixture is heated on a steam bath for 
4-5 hours. The mixture is then filtered to remWe the potassium iodide, 

•* Gould, Holzman, and Niemann, Anal. Chtm., 20, 361 (1948). 

•’ Barton, Head, and Williams, J. Chem. Soc., 1952, 453. 
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ontJ tlip KItmtc in at 70 mm to rcmoye toluene and alcohol. The 

re'idue m dwtilled in a Ctai-irn fla-^k to pve the xanthnte, bp. 85-877 
0 mm . in 7J“„ yield TTie methyl loilide may be replaced by an 
equivalent anuiuni of dimethyl sulfate »ith equally good results. 

Tile xnnthate is pyrolyreil by distillation at atmospheric pressure to give 
r-liutylethy Icne in yieM 

When the same proceilure w applied to methy l-/-smyIcarliino], ethvl-t- 
buty linrbmol rthyl-t-amylearbinol. and n-propyl-t-butylearbinol, the 
xanthates are olitainnl in yields of 41-75%. and on pyrolysis they give 
the rorrfs|>ondmg olefins m yields of 65-73%. 

Isoamyl S-.Meihyl \anthatc (Use of Sodium Hydroxide).” A 
mixture of 40 5 g (1 mole) of linely pulvenied sodium hydroxide, 89 g. 

(I mule) of isoamy I alcohol. 50 mi of carbon tetrachloride, and 600 ml. 
of ether is stirrexl fur 30 minutes, and then 76 g. (1 mole) of carbon disulfide 
H added, foMoivexl by ItOg (I 05 mole) of methyl iodide. Distillation 
gives I2flg (71®,) of isoamyl S-methyl xanthatc, bp, 100-102710 mm., 
nJJ 1.52.34. 

The substitution of jxitassium hydroxide for sodium hydroxide docs 
not ofTect the yield, elimination of the aolvent and the u«c of excess 
alcohol gives a slightly higher yield. The use of potassium metal, 
isoamyl aleohol. and xyiene gave the aamc xanthatc in 05% yield. 

The xanthatc (210 g , 1.2 moles) is heated at its boiling point under 
partial reflux for 7.5 hours and 4.5g of distillate is collected After 
purification by three extractions with 40% potassium hydroxide solution 
and one with saturated mercuric chloride solution, distillation gives iw 
propyletbylene, b p. 19-20*/740 mm , in 15».i yield, 

3p-Cholestanyl S-M«thyl Xanchate.” A mixture of l.Og. (2.6 
mmoles) of 3/?-cholestanol, 500 mg. (20 8 mmoles) of sodium hydride, and 
50 ml of dry benzene is stirred and heated under reflux for 24 hours 
The reaction mixture is then allowed to cool to room temperature, 4 ml 
of carbon disulfide is added, and the resulting red mixture is stirred under 
reflux for 24 hours. It is then cooled to room temperature, 4 ml of 
methyl iodide is added, and the mixture is stirred and heated under 
reflux for 24 hours. Water is added dropwise to decompose the excess 
sodium hydride, the organic layer is washed with water, dried over 
anhydrous sodium sulfate, and the solvent is evaporated on a steam bath. 

The residue is taken up in JO ml of petroleum ether (bp. 30-60°) and 
chromatographed on 10 g of ainmmnm oxide (Merck, for chromato- 
graphic adsorption) On elntion with 50 ml of petroleum ether the 
xanthate is obtained as a yellow oil which crystallizes when solvent-free 
Recrystallization from 2:1 acetone-ethanol gives 950 mg (77®%) of 3>9- 
cholestanyl S-methyl xanthate, mp. 86-87°, Wp -|- 5° (1®/,, CHCl,) 
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One more recrystallization from 1 : 1 acetone-ethanol gives 800 mg. (65%) 
of analytically pure material, m.p. 87.5-88°, [aJn + 2°. 

The xanthate (214 mg., 0.447 mmole) is pyrolyzed by heating at 230°/ 
20 mm for 2.5 hours, and the residue is dissolved in petroleum ether and 
chromatographed on alumina. Petroleum ether elutes 156 mg. (94%) of 
a one-to-one mixture of 2- and 3-cholestene, m.p. 68-69°, [ajn + 64°, 
after one recrystallization from one-to-one alcohol-acetone. 


TABULAR SURVEY 

In Table II and III are listed the xanthates of alcohols that have been 
pyrolyzed to yield olefins. Table IV is a list of xanthates of glycols and 
dithioglycols. 

Arrangement of compounds within a table is in the order; primary, 
secondary, and tertiary alcohols. Within each group the compounds are 
listed according to the number of carbons in the parent alcohol. 

The literature has been searched through 1958, but some later references 
are included. 



laoatTi}! 
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TABLE II — Continued 
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OLEFINS BY PYROLYSIS OF XANTHATES 




PntoLYSis OP Xantiiates of Alicyclic Alcohols 
(The S-methyl ximthftto wns used unless otherwise specified.) 
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e was isolated and purified, but no yidd 
lathate was pyrolysed. 



TABLE III — Cotilintted 

Pyrolysis of Xantiiates op jVlicyclic Alcohols 

(The S-inothyl xanfchato was used unless otherwise specified) 

No ofO Alcohol Xiinthato Yield, Pyrolysis Temp., Olefin (Yield, %) 

Atoms A> 
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INTRODUCTION 

This chapter is concerned with the synthesis of nitro compounds m 
which the nitro group is on a saturated carbon atom. The most important 
methods available involve: 

1. Treatment of alkyl halides with silver nitrite, a reaction useful only 
for synthesizing primary nitro compounds. 

2. The reaction of alkyl bromides and iodides with sodium nitnte, a 
method of considerable value for the preparation of primary and secondary 
nitroparafiSns and a rvide variety of oc-nitro esters. 
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3. The oxidation of amines, a general and very useful means of pre- 
panng tertiary nitro compounds which also shows promise as a way of 
preparing secondary nitro compounds 

4 The oxidation of oximes, a method of value for the preparation of 
a variety of pnraary and secondary nitro compounds. 

5. The nitration of active methylene compounds using nitrate esters 
under basic conditions. 

6 The nitration of active methylene compounds with nitric acid. 

The discuasion of thenc methods for introducing a nitro group is 
followed by a section which takes note of miscellaneous reactions of rather 
limited utility or reactions about which not much can be said for want of 
data 

Finally, a comparison of the utility of the various methods in the 
synthesis of particular types of nitro compounds is given (pp 129-130). 

Preparationa of nitro compounds which employ other nitro compounds 
AX starting materials, eg . Michael condensations of the mUs of nitro* 
paralDns and Diels-Aldcr reactions of nitroolcfins. are not diseuiwod. 
Xor are the liquid or s’apor phase nitrations of hydroearlion* taken up. 
for these usually produce mixtures of products and the emphasis in this 
chapter is on reactions that readily load to pure products. 

TUB REACTION OF ALKYL HALIDES SVITH SILVER NITRITE 

In 1872 Victor Meyer and Stulier' reporicsl that on refluxing isoamyl 
iodide with silver nitrite a mixture of the miro eompound and boamyl 
nitnte was produced Separation of the mixture was readily achieved 
as a consequence of the considerable dilTerenre in l>oiling points. Other 
examples were soon forthcoming. and the reaction ho-s come to Is* regarded 
as a general one. 

HX + .SaXO,— itNo, e lio.vn 
Scope and Limitations 

Until recently the reaction was usually ccmductec! in the neighborhoni 
of SO’ to ilO’ However, in 1917 it was shown that the reaction of 
2-bromo.Vfane with silver nitnie at such temfwraturrs pves 2 nttro. 
octane. 2 octyl nitnte. 2.octi I nitrate, S^octanol, 2.oetanone. and other, 
unidentified, products « Soon after, analogous rmilis were obuined 
with 2-i<»lol>titane ' The f»»rmst»on of nitrate esters a« by.prrdorts in 

• »~t riot-c. J5-. K M-r**. a—, in. «i iijth 
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the reaction of eyclopenty! and cyciohoxyl iodides witli silver nitrite has 
also been dcnionstratc<i recently.^ 

The incursion of side reactions is not limited to reactions in uhich 
secondary halides are employed. Thus, after a benzene solution of 
1 -bromoheptane is heated with .silver nitrite at ca. S.o^, pure 1-hcptyI 
nitrate is ea.sily isolated.^ 

Nitrate c.ster formation i.s a consequence of the thermal instability of 
silver nitrite which decomijoses as follow.s at SO’ or above.' 

2AfrNO. AkNO, -f Ac d- NO 

The .silver nitrate thu.s produced reacts readily with alkyl halides to give 
nitrate e.sters. Because nitrate estcr.s, in contrast to nitrite c.=ters. are 
not readily separated from the corresponding nitro cornpound.s by di.stil- 
lation, their formation constitute.s a considerable liabilitv. 

Primary Nitro Compounds. With primary bromides and iodides 
.side rcaction.s are completely supprc.ssed by .starting the reaction at 0" and 
allowing it to j)roceed to completion at room temperature.® Thi.s is an 
excellent way to prepare pure primar\' nitro compounds. For e.xample, 
l-nitro6ctane i.s obtained in 80% yield from l-bromo6ctanc, and 1-iodo- 
heptane gives 1-nitroheptane in 82% yield.® In contrast, primary 
chlorides are unaffected by silver nitrite at room temperature. 

CHjtCUjl-Br a- AcNOj CHjtCII.lfNO. 

Good yields of nitroparaffins are al.so obtained with branched-chain 
primary bromides and iodides in which the branching is /? to the carbon 
atom holding the halogen. Thus isoamyl bromide and iodide give 
3-methyl-] -nitrobutane in 72% and 78% yield, respectively. However, 
branching a to the carbon atom holding the halogen has a deleterious 
effect. The reaction emplojdng isobut 3 'l iodide produces a distinctly' 
lower yield (55-63%) of nitro compound. When isobutyl bromide is 
treated with silver nitrite, even after five days only 37% of the bromide 
has reacted. Finally, neopentyl iodide is not noticeably affected by 
silver nitrite after three days at room temperature; by this time a 
typical straight-chain primary iodide has reacted completely.® In 
acetonitrile (see p. 108), at 40°, the reaction between neopentyl iodide and 
silver nitrite is 85% complete after five days. Only 3% of the product 
is soluble in base, and efforts to isolate nitroneopentane did not succeed.' 

It is highly unlikely that the reaction of neopentyl iodide with silver 
mtrite will serve as a means of preparing nitroneopentane. 

Komblmn and Teitelbaum, J. Am. Chtm. Soc., 74, 3076 (1952), 

® 11. Cenker, Ph.D, Thesis, Purdue Universitv, 1949. 

* Komblum. Taub, and Ungnade, J. Am. Chtm. Soc., 76, 3209 (1954). 

^®*^bluin and D. C. Xffland, Unpublished work. 
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With jxirn-substituted benzyl bromides, as shown in Table I, the 
relative proportions of nitro corapoond and nitrite ester produced depend 
on the electrical character of the substituent.* 

TABLE I 

I*RODOCT!i OF THE ItBACTIOS OF SCLVEU NlTBITE 

WITH Bbnzti, Brouideis 

Bromide Xitro Compound, Nitrite Ester, 

p-Nitrobcnzjl T5 5 

Benzyl 61 28 

p-Methylbenzyl 45 37 

p Methoxybenzyl 26 55 

A number of «.«u dimtro compounds have been prepared by the Victor 
Meyer reaction A tj-pical esample is the synthesis of l,4-dinitrobut8ne » 

icH,cn,cii,cn,i + SAgNO, — o,Ncir,cn,cu,cn,NO, (4i-46%) 

Secondary Nitro Compounds. The reaction of secondary halides 
with silver nitrite gives poor yields (ca 15% on the average) of pure 
nitroparaffins despite the use of temperatures In the range from 0“ to 
26*.*® There are several reasons for this behavior 

With secondary halides, nitrite ester formation is more important than 
in reactions employing primary halides. A second, and major, compli- 
cation IS dehydrohalogenation, which leads to two additional side re- 
actions ( 0 ) the •'low-temperature” formation of nitrate esters, and (6) 
the addition of oxides of nitrogen to the olefin.** 

The following sequence, which accounts for the "low-temperature" 
production of alkyl nitrates, is consistent with all the facts* and invokes 
only reactions known to ocenr under the conditions employed. 

«c-AIkyl iodide + AgNO, -► olefin 4- Agl + HNO, 

2HNO, H,0 + N,0, 

N,0, ^ NOj + NO 
AgNO, + NO, -► AgNO, + NO 
»sc-AIkyl iodide + AgNO, -► eec-alkyl nitrate 

■ Komblum Smiley. Blaekwood, and Iffluid, J Am CSem Ssc , 77. 6269 (1955). 

• Feuer end Leaton, Orj SynlAe,*,. 34. 37 (1854) 



100 


OHOAXIC HEACTIOXS 


Actiinlly, the yields of nitrntc esters nre usunlly less than 10%, hut 
their removal from nilro compounds requires a chemical separation 'which 
gives the pure nitroparnflin hut significantly depresses the yield."-’* 

The addition of o.xides of nitrogen to the olefin formed by dchydro- 
hnlogenalion is cvideiiccd by the formation of relatively non-volatile, 
thermally unstable ])roduct«. In several instances cry.stulline compounds 
having the composition and properties of NjOa-olefin adducts have been 
isolated.*® That these adducts arc produced under the conditions of the 
Victor Meyer reaction is not surprising since, under similar conditions, 
nitrogen trioxide and nitrogen tetroxide readily add to olefins giving 
nitroso-nitro compounds, nitroso-nitrates, nitro-nitrites, nitro-nitrates, 
and dinitro compounds.*" 

Tertiary Nitro Compounds. The reaction of tertiary halides with 
silver nitrite is of no value for the synthc.sis of tertiary nitro compounds.*® 
At best, the nitro compound is obtained in 5% yield; usually none can 
be i.solated. 

Tertiai-y chlorides, in contrast to primary and secondary chlorides, 
react readily. Here, and with tertiary bromides, the major product is 
the nitrite ester (ca. 00-00% yield). Just as with secondary halides, 
blue-green nitrogen oxide-olefin adducts arc also produced in appreciable 
amounts. 

When /-butyl iodide is treated with silver nitrite at 0° a rapid reaction 
takes place. Iodine (50% yield) and a colorless unidentified gas are 
produced,*® but the tertiary nitrobutane is not found and the product 
does not possess the characteristic ultraviolet absorption spectrum of 
/-butyl nitrite. 

It has been reported that camphene h 3 ’drochlorido I gives the tertiar}' 
nitro compound II on treatment with silver nitrite.*® Actually, the nitro 
compound is not isolated. Instead the crude reaction product is reduced 



n 


with sodium and isoamyl alcohol to 3-aminoisocamphane which is isolated 
in an over-all yield of about 4%. For a tertiary halide to give the nitro 

Kornblum, W. J. Jonoa, and Hardies, J, Am. Chem, Soc., to bo published. 

Baldock, Levy, and Senifo, Chem. Soc,, 1949, 2627; Levy, Scaife. and Wilder-Smith, 
J. Chem. Soc., 1946, 1000. 

Stein, Slotzinger, Arnold, Roinhold, Gaines, and Pfistor, J. Am. Chem. Soc., 78, 151^ 
(1950); HUckol and Nerdol, Ann., 528, 57 (1037); K. Pfister, Private Communication. 
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compound is of interest, but even more interesting is the production of 
the unrearranged product in a system notorious for ease of rearrangement 
a-Nitro Esters. The reaction of a.bromo esters with silver nitrite is 
so slow as to be completely unpractical Thus, after six and one-half 
days at room temperature, ethyl bromacetate and ethyl a-faromopro- 
pionatereactedonly to the extent of 12-16% In contrast, when straight- 
chain (x-iodo esters of low molecular weight are employed, the reaction 
proceeds at a useful rate and produces excellent yields of pure «-m'tro 
esters.** 

ICII,C0,C,1I, -f AgNO, J* 0,XCnjC0,C,H, (77%) 

cii,(cn,>,cnco,c,H, + arno, -i ** . *“"” cn.icii.i.cuco.c.n, (84%) 


It is not known whether atiU longer reaction times are necessary with 
the higher hotnologs However, the alternative procedure, the reaction 
between the readily available a-bromo esters and sodium nitrite (p. 112}, 
IS BO rapid and gives such good yields of a-nitro esters that it is the method 
of choice. The sole exception is ethyl mtroacetate. which is easily 
obtained by the silver nitrite reaction but which cannot be prepared by 
the sodium nitrite process •* 

Stereochemistry and Mechanism 
When optically active 2.bromooctane is allowed to react with silver 
nitrite in diethyl ether, 2.nitrooctane and 2.octyl nitrite are produced with 
inversion of configuration The same result is obtained with optically 
active 2-iodooctane *• If the reaction is conducted in cyclohexane, 
benzene, or acetonitrile, the 2-nitrooctane and 2-octyl nitrite are again of 
the inverted configuration The importance of nucleophilic attack rear- 
ward to the carbon-halogen bond by nitnte ion is also evident from the 
fact that neopentyl iodide is inert to silver nitrite under conditions which 
result m complete reaction with other jmmaiy i«iides 

The reaction of silver nitnte with ahphatic halides, while possessing 
these Sf,2 attributes, simultaneously exhibits the characteristics of an 
5vl process * Thus the reaction rate mcreases on going from primary to 
secondary halides Then, too, the variations in rates and products of the 
reaction of silver nitrite with benxyl bromides as a function of tlie para 

1* Kocnblum Chalmers, and Dameb. J’ A* Cktm Sac . 77. 66S« (I95S) 

“ Kowblum’and Weaver. J Am. See . 80. 43SS (ISM) 

>• Komblum. Fishbein and Smtley.J Am Clbn OW. 77. «t6I (1953) 
r* Komblum Hardies, and W y Jonea. J Am CAem Soe , Co be published 
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substituent (cf. Table I) become intelligible on the basis that the transition 
state of these reactions possesses carbonium ion character. That the 
formation of a silver-halogen bond furnishes an important part of the 
driving force for these reactions is clear from the failure of sulfonate 
esters to react with silver nitrite. 

Because of these and a number of other facts, the reaction of alkyl 
halides with silver nitrite is regarded as one in which the pull of the silver 
on the halogen and the push of the nitrite ion are both important in the 
transition state; the proportions of Sj^l and Sj^2 character vary as a 
function of the structure of the halide and the nature of the reaction 
medium, and the products of the reaction reflect this variation in character : 
the greater the carbonium contribution to the transition state, the greater 
is the yield of nitrite ester and the smaller is the yield of nitroparaffin.® 
In contrast, the reaction of optically active a-phenylethyl chloride and 
silver nitrite proceeds with retention of configuration in ethyl ether or 
benzene but with inversion in cyclohexane.^’ These facts are interpreted 
to mean that, whereas in cyclohexane the graded Si^l-S^2 path is 
followed, in diethyl ether (and in benzene) the reaction proceeds via the 
a-phenylethyl carbonium ion. A detailed discussion of the stereo- 
chemistry and mechanism of the reaction of silver salts -with organic 
halides -will be published shortly.^’ 

Experimental Conditions 

It is good practice to maintain the reaction mixture in the neighborhood 
of 0° for the first 24 hours. After this the ice bath is removed and the 
reaction is allowed to proceed to completion at room temperature. The 
system should be protected from light until the silver salts are removed by 
filtration. Also, since nitrite esters are photochemicaUy unstable, it is 
best to minimize exposure to light until they have been removed from the 
reaction mixture by distillation. 

It is more difficult to remove an alcohol from the corresponding nitro- 
alkane than it is to separate the nitrite ester. jMinimal exposure to a 
moist atmosphere is, therefore, desirable. 

Anhydrous diethyl ether is an excellent medium for these reactions. 
Petroleum ether, cyclohexane, and benzene have also been employed. lo 
all these media silver nitrite is virtually completely insoluble. In contrast, 
silver nitrite dissolves in acetonitrile, and when such a solution is treated 
with 1 -iodoheptane the jneld of l-nitroheptane is 60-64% and that of 
1-heptyl nitrite is 23-33%.'® Since the reaction of silver nitrite with 
1-iodoheptane in diethjd ether gives 78-82% jdelds of l-nitroheptanc, and 

** D. E. Hnrdi(«?, Ph.D, Thesis, Purduo Umverf«ity, 1957. 
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only 7-12% yields of 1-heptylnitnte, it u dear that there is no advantage 
m carrying out the reaction in acetonitrile. 

Indeed, the use of acetonitrile aa a solvent fa disastrous when a primary 
nitro compound of relatively high acidity is being produced. Thus, 
I'hcreas the reaction of p-nitrobenzyl bromide mth silver nitrite give* 
p-mtrophenylnitromethane in 75% yield in diethyl ether.* in acetonitrile 
no p-nitrophenylnitromethane la isolated.'* Instead, a complex mixture 
fa obtained. Enough is known about the mixture to suggest that the 
p-nitrophenylnitromethanc initially formed ts converted to the salt 
dissolved nitrite ions, the anions ofp-nitrophenyliiitromcthane are then 
oxidiied by the silver ions or else undergo nitrosation.'* In diethyl ether, 
presumably because of the insolubility of silver nitrite and the much 
smaller dielectric constant, p-nitrophenylnitromethane fa not converted 
to the salt and side reactions arc thereby averted 

It is important to recognwe that many of the older preparations (prior 
to 1047) of nitro compounds arc liltcly to be contaminated *ith the 
corresponding nitrate esters.* Indeed, if in the preparation of a nitro 
compound the reaction temperature exceeds 30*. the product should !•« 
scrutinired carefully to ensure that the corresponding nitrate ester i« not 
present. With a secondary halide, even when the temperature fa main- 
tained lietMpcnO’and small amoonta of nitrate esters are likely tol-e 

formed Oroiw contamination by alkyl nitrates is easily demonstrated 
by shaking the product uith 10-20** aqueous alkali, any nitrate eater 
present remains undi*solied. The infraresl spectra of nitrate esters are 
characterired by two sharp. Intense, alxorption bands dree to C 14 and 
7.R4 /I, and a third, intense but browl IwrwJ erntered around M.5-M.7;< »• 
These l>an<fa provide a s-aioaMe means of delecting even araaJJ amounta 
of alk>l nitrates in nitroalkanes 


THE REACTION OF ALKVL HSLinrS WITH SOlHf.M NITRITE 

The wKlelv held new Ih.st the reaction of alkali metal nitntes with 
alkyl halides prwlucrs nilnie ester, with little or none of the nitro 
compouml leine formesl,* hss reerntir twen shown to l-e erroneous •' 
Aetualls . the nitro rompounil aivl nitnte ester are txith prtMiuenl. trui the 
mini cotnjs’und is the major i-rtsluct so that the reaction employing 

■ W « «»•••' ll* I’ I'ser** t ISIS 
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sodium nitrite provides a simple and effective means of preparing aliphatic 
and alicyclic nitro compounds. 

RX + XaNOj RXO, + ROXO (D 

Scope and Limitations 

Unless appreciable amounts of both the alkali metal nitrite and the 
alkyl halide are in solution the reaction does not occur. Dimethyl- 
formamide (DJIF) and dimethyl sulfoxide (DJLSO) are among the few 
solvents which dissolve significant amounts of sodium nitrite and alkyl 
halides, and this is one of the reasons the synthesis of nitroparaffins from 
sodium nitrite and alkyl halides is condueted in these solvents. 

A second reason for employing DMF or DMSO is that the reaction of 
alkali nitrites with alkyl halides is exceptionally fa.st in these media. 

The great speed of reaction (1) in DlIF and DMSO makes it pos.sible to 
minimize the side reaction (2) whose existence has been established 
recently.®^ 

BR'CHNOj + RR'CHONO - BB'C(XO)NOj + BR'CHOH (2) 
(R « alkyl; B' alkyJ or hydrogen) 

Even in DMF, sodium nitrite has a rather limited solubility, and this 
prevents realization of the reaction of nitrite ion vith an alkyl halide at 
a rate which is anticipated from the kinetics in dilute solution. None the 
less, the reaction of a primary bromide or iodide with sodium nitrite is so 
much faster than the competing side reaction (2) that the side reaction can 
be effectively forestalled by Avorking up the reaction mixture promptly. 

With secondary bromides and iodides, nitrosation of the initially 
formed nitroparaffin Avould become a serious problem in the absence of 
several simple devices. The addition of urea to DJIF markedly increases 
the solubility of sodium nitrite and, in reactions employing secondary 
alkyl iodides, this is all that is required to prevent the nitrosation process 
of equation (2). 

With secondary bromides and also cyclopentyl and cycloheptyl iodides, 
it becomes desirable not only to add urea but also a nitrite ester scavenger. 
Compounds such as phloroglucinol, catechol and resorcinol can be used 
for this purpose. Ofthese, phloroglucinol is the most effective.^* Sodium 
nitrite is so soluble in DMSO that urea is never added Avhen DMSO is the 
reaction medium.^^ 

Alkyl bromides and iodides are equally useful for the preparation of 


** Komblum and Powers, J. Org. Chem., 22, 455 (1957). 

** Komblum, Blackwood, and Mooberry, J. Am. Chtm. Soc., 78, 1601 (1956). 
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primary and secondary nitroparaflSiis." In contrast, alkyl chlorides 
react too slowly to be useful. 

CH,(CH,),Br + NaKO,-^^CH,(Clr,),NOj (60%) 

CH,(CH,),I + NaN0,^^CI£,(Cir,),N08 (61%) 

CHj OHj 

/ \ DMSO / \ 

CH, CHBr + N»NO, ►CH, CHNO, (58%) 

II II 

CH, CH, CH, — CH, 

CH.lCHjlsCmCH, + NaNO,-^^^CH,(CH,)sCH(NO,)CH, (60%) 
C,UsCn,Br + NaNO, C.H.CH.NO, (55%) 

p-OjNC.H.CHjBr + NaNO, p OjNC.HjCH.NO, (23%) 


It IS noteworthy that the yield of nitro compound obtained from benzyl 
bromide la slightly, but unmistakably. lo«er than that obtained from 
strictly aliphatic primary bromides while the yield from p-nitrobenzyl 
bromide is much lower Undoubtedly related la the difficulty experienced 
in obtaining a pure product from the halide The generalized 

significance of these results is discussed in the section dealing with the 
preparation of a-nitro esters (p. 113)- 



The reaction of sodium mtnte with l-butyl bromide, t-butyJ chloride, 
cyclohexyl bromide, and cyclohcxyl iodide fails to give nitro compounds; 
instead isobutylene and cyclohexene are obtained.** The recent report 
OH 



Br 




CKtm Sac., 79, SMI (ItStI 
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that 6/3-bromotcstostcroiic IV docs not yield a nitro steroid on treatment 
with sodium nitrite in DME-** is not surprising. It is of interest that 
bromocyclohoptanc and iodocyclohciitano give 55% and 58% yields, 
respectively, of nitrocj'cloheptane.-* 

Sulfonate esters maj' also be employed in the sodium nitrite reaction. 
Without anjr attempt to establish optimum conditions, J^-octyl tosylate 
and ?),-butyl methanesulfonate were converted to the corresponding 
nitroparaflins in 43-46% yields. The use of sulfonates would, of course, 
bo advantageous when dealing with alcohols that rearrange on conversion 
into halides. In this connection it should be recalled that the conversion 
of secondaiy alcohols to the corresponding bromides, using hydrobromic 
acid or phosphorus tribromidc, produces significant amounts of isomeric 
secondary bromides; e.g., from 2-pentanol between 10% and 28% of the 
product is 3-bromopentanc.-'' 

a-Nitro Esters. The reaction of a-halo esters with sodium nitrite is 
the only general method for preparing a-nitro esters. A wide variety of 
a-nitro esters can be prepared readily by this reaction in excellent 
yields."’- Some typical examples arc given below. 

CHaOHjCHjOHlBriCOjCaHs CHjOHjCHijCHlNOjlCOAHs (8^%) 

DMSO 

CJIsCHlBi-lCOAns C„HsCH(NOj,)OOAH5 (70%) 

The preparation of ethyl a-nitroisobutyrate in 78-91 % yield (equation!) 
is of interest since <-alkyl halides give olefins on treatment with sodium 
nitrite. Also noteworthy is the fact that ethyl a-chloropropionate gives 
the same yield (08%) of ethyl a-nitropropionate as does the a-bromo 
ester.’® 

(OH3)jC(Br)COaOi,H5 (CH3)3C(N03)C03C3H5 (78-91%) (4) 

In only one instance does this new a-nitro ester synthesis fail. If ethyl 
bromoacetate is treated with sodium nitrite, a very rapid reaction occurs 

CjHjOjCC CCOjOaHj 

II II 

N N-vO 

\ / 

O 

V 

” Bowers, SAnchoz, and Ringold, J. Am. Chem. Soc.^ 81, 3702 (1059). 

Pinos, Rudin, and Ipatieff, J. Am. Chem.Soc.^ 74, 4063 (1962). 

Kornblum and Blackwood, Org. Synthcaea, 37, 44 (1067). 

** Kornblum, Blackwood, and Powers, J. Am. Ohem. Soc., 79, 2607 (1967). 
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but no ethjl nitronectatc can be isolated** Instead, depending on the 
temperature, oxalic acid or the furoxane V b produced,** 

The failure to isolate any ethyl nitroacctate, the diminished yields noted 
above in reactions cmplojnng benzyl bromide and p-nitrobenzyl bromide, 
and the recently repiorted inabibty to obtain any 2I-nitroprogesterone 
from the reaction of 2l-iodoprogesterone VI with sodium nitrite in 
DMF** are apparently tj'pical of what is to be anticipated when sodium 


cn,i 

I 

c=o 



nitrite reacts mth primary halides of the type A — CH, — Halogen, where 
A is a powerful electron-withdrawing group Such compounds react 
rapidly with sodium nitrite in DMF (or D.MSO) but give little, if any, 
of the corresponding primary nitro compound The reason is that nitro 
compounds of the type A— CH, NO, are distinctly more acidic than simple 
aliphatic nitro compounds and they are primary nitro compounds, two 
facts which result in their unusually rapid destruction by the joint action 
of sodium nitrite and the nitrite ester concomitantly formed. A full 
discussion of this destructive process has been given.** Fortunately, it u 
with just such halides, e.g. ethyl iodoacetate and p-nitrobenzyl bromide, 
that the reaction with silver nitrite works especially well**- ' {p. 107). 

Miscellaneous Examples. The reaction of ^-halogenated ketones 
with sodium nitrite in DJfF has afforded the corresponding /?-nitro 
ketones.** 

CnjCn,COCH,CU,CI + NaNO,-^^Cn,Cn,COCH,CH,NO, (48%) 
C.HsCOCHjCHjBr + NaNO,-^^C,H,COCH,Cn,NO, (87%) 

Treatment of a-broznoisobutyronitnle with sodium mtnte in DMF gives 
the nitro compound in 52 % yield.** 

(CH,)jC(Br)CN + KaNO, (CH,),C(rfO, )CN 


ton Soe.ia, S71I (ISS9). 
(Imdm), US7, tSSO 
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Although the report^' that 2-nitroethanol can be prepared by bubbling 
ethylene oxide into aqueous barium nitrite could not be confirmed,^ ’ 
the reaction of diisopropylammoniura nitrite ■\vith cyclohexene oxide in 
DMSO gives a 23% yield of /m7rs-2-nitrocyclohexanol.^^ Since the 
reaction in DMSO was only examined briefly, it is quite possible that the 
yield could be materially improved. 

Preliminary studies indicate that the reaction of sodium nitrite with 
a-bromo nitro compounds may be useful for the preparation of gem- 
dinitro compounds.®^ Thus 


CH, CH, 

/ \ / \ 

CHj CHj CHj CH, 

I I +NaNO,-^| I 


(28%) 


GH; CNO, 


CHj C(N0,)2 


Br 


(CH,)jC(NOj)Br + NaNOj — ^ (CH3)jC(N02)j (45%) 


The Relative Value of Silver Nitrite and Sodium Nitrite 
for the Synthesis of Particular Types of Nitro Compounds 

In the synthesis of saturated primary nitro compounds, silver nitnte 
gives nitroparaffins in about 80% yields as against about 60% yields 
obtained with sodium nitrite. While silver nitrite is, therefore, the 
reagent of choice here, the lower cost and ready availability of sodium 
nitrite, the not very large disparity in yield, and the shorter reaction time 
all combine to make sodium nitrite an excellent second choice. K 
however, the primary nitro compound is of the type A — CH2NO2, where 
A is carbethoxy, p-nitrophenyl, or some other powerful electron- with- 
drawing group, silver nitrite is greatly preferred. 

Sodium nitrite is far superior to silver nitrite for the s3Tithesis of oil 
types of secondary nitro compounds. 


Experimental Conditions 

The reaction of alkyl halides with sodium nitrite is generally carried 
out at room temperature; with benzyUc halides a temperature in the 
neighborhood of — 20° is employed. Since DMSO freezes at 18°, it 

S. Miura, Jap. pat. 156,256 (1943) IC.A., 44, 2008 (1950)]. 

** Noland, Freeman, and Baker, J. Am, Chem. Soc., 78, 188 (1956). 

Stevens and Emmons, J. Am. Chem. Soc., 79, 6014 (1957). 

** J. W. Powers, Ph-D. Thesis, Purdue University, 1957. 
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cannot be employed at low tempaatores; the importance of this restric- 
tion may be appreciated from the reanlts obtained on converting a-phenyl- 
ethyl bromide to the nitro compound. In DMF at —18* a 43% yield of 
pure product is isolated, whereas in DMSO at 11° the jdeld is only 22%.** 

In general, DMF and DMSO are about equally useful as solvents It 
should be remembered, however, that DMSO is not a completely mert 
solvent. For example, it has been found that, at room temperature, 
DJISO oxidizes phenacyl bromides to the corresponding glyoxals.*® 

DMSO 

C,HjCOCn»Br ► C,£I/;OCHO 

In the synthesis of nitro compounds from a-faalo esters, secondary 
bromides, and alicyclic iodides, phloroglucinol is added to prevent the 
nitrosation process from destroying the nitro compound With phloro- 
glucmol present excessive reaction tune is no longer cntical. the only 
requirement being that sufficient time be given for the halide to react 
completely. 

When phloroglucinol is not employed it is necessary to work up the 
reaction mixture promptly to prevent nitrosation. In DMF, primary 
bromides need a reaction time of 6 hours and primary iodides require 
2 J hours , the addition of urea, by solubilizing the sodium nitrite, halves 
the reaction time. Because sodium nitrite is considerably more soluble 
m DMSO than in DMF, much more concentrated solutions can be prepared 
and this makes possible shorter reaction times Reference should be 
made to the original papers***** for further details concerning reaction 
times. A convenient means of following the reaction is to titrate the 
liberated halide ion. 

Lithium and potassium mtntes are as effective as sodium nitrite, the 
preference for sodium nitrite is based on price and availability 

THE OXIDATION OF AMINES 

Although tertiary nitroparaffins have been known for many years, they 
have never been ohtamed by reactions which could be regarded as 
synthetically useful. Thus hqnid phase nitration generally involves 
heating small amounts of a hydrocarbon in sealed tubes with dilute nitric 
acid to 130-150° for prolonged penods. A large number of tubes are 
required, and they need to be opened for periodic relief of pressure, 
complex mixtures are produced, and the yields of pure tertiary nitro 
compounds are poor.*’ 

N Komblura and W D o 

-• - - ^.Areon. LWAod. and Waaver, y Am Cntm Hoe, 
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The vapor phase nitration process devised by Hass, Hodge, and 
Vanderbilt,®* despite its commercial importance, can hardlj' be regarded as 
a laboratory sjmthesis, the more so because it gives rise to complex 
mixtures. Finallj^, the classical reaction of silver nitrite with alkyl 
halides is worthless for the preparation of tertiary nitroparafidns.^® 

A simple and reliable procedure for oxidizing tertiary carbinanunea, 
RR'R"CNH 2 , to the corresponding tertiary nitro compounds at 25-30 
has recently been devised.®® This procedure, which employs potassium 
permanganate, has the virtue of being applicable, without alteration, .to 
a wide variety of amines; furthermore, it gives excellent yields of pnre 
tertiary nitroparaffins. The method also has the advantage of startmg 
•with tertiary carbinamines, substances which have become easily 
accessible.'*® 

The permanganate oxidation of /-butylamine in aqueous solution gives 
the tertiary nitrobutane in 83% jield. Am ines of higher molecular 
weight which are insoluble in water are dissolved in a mixture of 80% 

(CHjljCNHj -V (CH^ljCNO^ 

acetone and 20% water, and the pH is controlled by adding magnesium 
sulfate. A typical example is the synthesis of the tertiary nitrooctane 
Vn in 77 % yield.®® 


NHj NO, 

1 I 

(CH3),CCH2C(CH3)j (CHjjsCCHjCCCHjlj 

VII 

Primary amines of the type RCHjNHg or RjCHNH, have not been 
tried in reaction ivith potassium permanganate, although it is presumed 
they iviU not give nitro compounds. The ability of a primary amine to be 
oxidized by permanganate to a nitro compound (which was reduced back 
■to the original amine) has been used as a diagnostic for the ^-carbinamine 
structure, RR'R''CNH 2 d® 

In only one instance does the permanganate oxidation fail to give the 
desired t-nitro compound. When oxidation of ■triphenylmethylamine to 
triphenylnitromethane is attempted the only product isolated, aside &om 
a 40% recovery of the amine, is triphenylcarbinol (33% yield based on the 
amine which reacted). This failure could have been anticipated from the 
report that triphenylnitromethane is readily decomposed by moisture.'*’^ 

Hass, Hodge, and Vanderbilt, Ind. Eng. Chtm., 28, 339 (1936). 

Komblum, Clutter, and IV. J. Jones, J. Am. Chem. Soc., 78, 4003 (1956). 

Bitter and Kalisb, J. Am. Chem. Soc., 70, 4048 (1948). 

“ Schlenk, JIair, and Bomhardt, Ber., 44, 1173 (1911). 
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Emmons" hns briefly oxammed the oxidation of aliphatic amines with 
peracetic acid Although the oxidation of t-oetylaraino gives an 87% 
yield of the tertiary nitrooctane VIl, Emmons regards the permanganate 
oxidation of 1-earbinamines to tertiaiy’ ndro compounds as a more 
convenient preparation 

It IS significant that peracetic acid can be employed for the synthesis 
of secondary nitroparaffins Thus oitrocy'clohexanc is obtained in 70% 
yield on oxidizing cyclohexyiamine, while 2-nitrobutanc is isolated in 65% 
yneld from 2-aminQbutnnc Although these were the only amines studied, 
oxidation « ith peracetic acid appears very much « orth considering for the 
preparation of secondary nitro compounds. Indeed, except for the oxida. 
tion of oximes (p. 119). this is the only laboratory method available for 
introducing a nitro group into the cyclohexane nucleus 

The preparation of only one primary nitro compound by the use of 
peracetic add is reported, n-llexylamine gives l-nitrohexane in 33% 
yield." 

Attempts to oxidize aliphatic amines with tnfluoroperacetie acid lead 
to the formation of the amine triiluoroacetate salts. Solutions of tri- 
fluoroperacctic acid always contain considerable (juantities of trifluoro* 
acetic acid, as this is a strong enough acid to protonate virtually all the 
amino, the oxidation does not take place. When a sodium carbonate 
buffer system is present it is possible to obtain a reaction between an 
aliphatic amine and tnfluoroperacetie acid, but the product is the N-alkyl 
trifluoroaeetamide " 

RCHjjfir, + CP, CO, on ncu,NHC0CP, + h,o, 

In a preliminary experiment t-butybmine was converted to 2-nitro-2- 
methylpropane in 31% yield by treatment with alkaline hydrogen 
peroxide " Since hydrogen peroxide offers no advantage in the labora- 
tory, Its use has not been investigated further. 


THE OXIDATION OF OXIMES 

Two principal methods arc avsilable for oxidizing oximes to nitro 
compounds. One, developed by Emmons," uses peroxytrifluoroacetic 
acid as the oxidant The other, developed by Iffland,‘<-*' involves three 
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A buffer IS added. Sodium bicarbonate la a satisfactory buffer in the 
oxidation of aliphatic oximes, while disodinm hydrogen phosphate is used 
with aromatic and alicyclic oximes The addition of small amounts of 
urea for scavenging any mtrogen oxides increases the yields significantly. 
Oxidation normally is carried out by the slow addition of an anhydrous 
solution of peroxytrifluoroacetic acid m acetonitrile to an acetonitrile 
solution of the oxime in which the buffer is slurried Gentle reflux is 
maintained throughout the addition, too rapid addition of the peracid or 
overheating lowers the yield of nitroparaflin markedly Some typical 
results arc shown in the accompanying equations. 


CHi(Cn,),CH=NOIl — Cll,(Cir,),NO, (72%) 

c,n,cn=Non — c,HjCu,no, (77%) 

CII, CIl, 

/ \ / \ 

CH, CII, CII, CFT, 

I [ - I I (52%) 

CH, C=*NOn CU, CHNO, 

\ / \ / 

CH, cn, 

(CH,cii,cir,i,c=Non — {cn,cn,cu,),CHNO, (84%) 
CH,CH,Cn,(CII,)C— NOH — CH,Cn,CH,CH(CH,)NO, (43%) 
C,n,(CfI,)C-=NOII — C,II,CH(Cir, )N0, (69%) 


The preparation ofnitroeyclohexanebespecially noteworthy, forneither 
the sodium nitrite nor the silver nitrite reaction with cyclohexyl halides 
gives nitro compounds. Aside from the Iffland method of oxidising 
oximes (which gives a 50% yield of nitrocyclohexane), the only other 
example of a laboratory procedure for the introduction of a nitro group 
into a cyclohexane nucleus is the peracetic acid oxidation of cyclohexyl- 
amine,« which gives a 70% yield of nitrocyclohexane {see p. 117). But, 
more often than not, the requisite amme would be obtained by reduction 
of the oxime 

The preparation of a-phenylnitrocthane m 69% yield suggests that the 
Emmons-Pagano peroxytrifluoroacetic acid oxidation procedure may 
prove especially valuable for the synthesis of nitro compounds such as 
ArCH(R)N02 

The perox 3 ^rifluoroacetic acid oxidation of oximes is rather sensitive 
to steric hindrance Neither pinacolone oxime nor trimethylacetaldehyde 
oxime is oxidized successfully by this intxxdure. In both cases most of 
the oxime is recovered In contrast, Iffland and Yen** have converted 
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pinncoloiK; oxime? to llm puro nitro compoiiiKi VIII in 30% yield by 
Ihrco-i^tci) procedure. I( is unlikely tlinf iiny otlier metliod of preparing 
nitropiirnflins would be n pmcticnl route to tliis romj)ound. 

(CIIjJjCC-r^NOII — (CIIjijCCHXO. 

! I 

cir, (’ll, 

VIM 

In the Ihrce-.step .sequence the oxime is first, treated with cither 
bromo.succinimide or N-bromoaeetamide, nnd tlio re.snlting broino nitroso 
coinj)ound is tlien oxidized to the bromo nitro compound 1)3’ a mixture 
of nitric acid and 30% liydrogen i)eroxide. 'I'lie bromo nitro compound 
is debrominated witli sodium borob^vdride. It is not ncce,ssar3' to i-solatc 
or purif3' an3’ of the intermediates. The procedure can be used onl3' for 
the synthc-sis of nitroc3'cloalknncH and .seeondar3' nitroalkancs; it foil® 
complctcl3’ with aldoximes and aromatic kctoximc.s. As noted earlier, 
cyclohexanone oxime gives nitroc3’clohcxann in 00% yield; this nnd the 
55% yield obtained in ])rcparing nitroc3’clopentanc are the best 3'ields 
which have been obtained. The nccompan3’ing equations illustrate some 
more typical results. 


ciij— c=xon cii,— cJiNO. 

II -n I (23%) 

CII,— ciTj CII,— cn. 

(CnjClJjClI,).C=NOn — (CII,ClJ:Cn,);CIJNO, (28%) 


on, 

/ \ 

cij, c=Non 

I I 

CHj CHCn, 

\ / 

CH, 


CII. 

/ \ 

CII. cnxo, 

I ■ I 

cn, cncH, 

\ / 

cii. 


(30%) 


THE REACTION OF ACTIVE METHYLENE COMPOUNDS 
WITH NITRATE ESTERS 

The nitration of an active methylene compound by the action of a 
nitrate ester under basic conditions has found some use in synthesis- 
Indeed, the preparation of phenylnitromcthnne described in Ori/amc 
Syntheaes^^ employs this reaction and provides phenylnitromethane in an 
over-all yield of 50 - 55 %. 

“ Black and Babers, Orff. Syntheses. Coll. Vol. 2. 512 (194.1). 
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C.n.CII.CN + CH.ONO, ^*”*°^* C.n.C=NO,Na > 

, H.0 

CN 

c,n,c=NO,N*^5^ CO, + c.njCHjNo, 

I 

CO,N& 

Early in the present century Wislicenus and his students showed that 
arylacetonitriles such as p-biomophenyla<etonitrile,“ arylacetic esters,®’ 

p-BrC.IIjCIIjCN I>-BrC«n4C=NO,Ka (85-60%) 

CN 



N'0,E 


and fluorene** could be nitrated with ethyl nitrate, often in excellent 
yields. A distinguishing feature of the reaction with arylacetic eaters is 
the loss of the ester group as diethyl carbonate. Thus, from the ethyl 
ester of phenylacetic acid, the product is the salt of phenylnitromethane « 

C.H,CH,CO,C,H,-^i2£^C,II,CH=-NO,E + (C,H,0),C0 
C.H.OWO, 

It is difficult to evaluate tins method Yields, when reported, are 
usually based on the crude salt of the Qitro compound Nitro salts are, 
in general, not easy to purify, and those derived from rutrated active 
methylene’ compounds are even more likely to be labile and difficult to 
purify. In addition, many of these salts are hygroscopic. The generation 
of the nitro compound from its salt by acidification involves the risk that 
some decomposition to the correspondii^ aldehyde or ketone (the Nef 
reaction) may take place.” And, finally, the nitro compounds derived 
from active methylene compounds are often mtrinsically unstable «-®* 
Bromination of the nitro salts has been employed as a device for 


leenus and Elvarl 
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identifying the nitration products and, since bromination of nitro salts is 
virtually a quantitative process, for determining ydelds.^s-ss Thus irith 
over-all yield of a,a*-dibromo-a,a'-dinitroadiponitrile is 
^ /), wMe with hexanenitrile a 55% yield of the corresponding bromo- 
nitronitrpe is isolated.®® Lower limits for the yields of the corresponding 
mtronitrile salts are thereby established. 


NCCHjCHjCHjCHjCN 


Amyl nitrate 
(CH^jCOK^ 


r JvOj NOj 

II II 

NCCCHjCHjCCN 


Br, 

2K^- L- 


NO. NOs 

.cL-cU- 

L ' L 


CH,(CH,),CN — 

(CH,),COK 


GHjCOHjlaCCN 


Br, 

e;+ — 


NOj J 

CH3(CHj)3CBrNOjCN 


vas realized early that not all bases are equally useful in these 
ions. In particular, it was recognized that potassium ethoside is 
supenor to sodium ethoxide in efiFecting nitrations. For example, 
o-bromophenylacetonitrile is nitrated by ethyl nitrate in the presence of 

70^ ^ Sive the sodium salt of o-bromophenylnitroacetonitrile 

TOO/ 59 ° potassium ethoxide the yield of the salt is 

„ gives a 70% yield of the potassium salt of 9-nitro- 

potassium ethoxide is employed as the base, with sodium 
ethoxide no nitration occurs.^s 

studies of the nitration of aliphatic nitriles,^® ketones/^ 

^ ri es, and cyclic ketones^® hare dealt with the usefulness of 
various bases in these condensations, and with the influence of solvent, 
temperatoe, reaction time, and mode of addition. It has been found 
that ^blmed potassium t-butoxide in tetrahydrofuran is the best 
reagent. The folloiving equations are illustrative.®®-®® The reaction 
va cyclopentanone is particularly interesting. Ring opening on 


Shenh^'r^ to Henry Feuer; cf. Doetoral Dissertation of J. 

bliepherd. Purdue nruversit3-. 1854 . pp. 7-8. 

*' KUger. J. Org. Chm., 20, 646 (1955). 

Wishcenus and 51 . Fischer. Btr., 43, 2235 ( 1910 ). 
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(cu,cir,cn,),co I cn.cn^ co — 

(CU,),COK 1 I j 

\ no,k/, 


I CH/;ir,CBr 1 CO (ca. 80%) 
\ KO./, 


cir, — cn, 

I I . 


cir, — 

I 

0 ,N=C 

\ / 

c 

II 


0,NCBr,Cn,CU,CBr,NO, + KjCO, (54%) 

bromination” has b««n shown to be a general reaction of the salts 
of a,«'.dinitrocyeloalkanone8.“ Presumably the dibromodinitroeycJo- 
pentanone is an intermediate and reacts mth hydroxide ion. 

Cir, — Cir, cn, — cn, 


0,NC CNO, • 


cn,- 

I I 

* 0,NC CNO, 


/ \ 


Br 


cn, — CIIjCBrNO,- 

I 

0,NC— CO,- - 


CM,— CH,CBr,NO, 

I 

*. O.NCBr, 


Nitration by a nitrate ester can be intramolecular. The 1.3-nitronitrate 
readily rearranges to the dinitro alcohol X In aqueous ethanolic 
potassium hydroxide." 


l^^ONO. »>”• 

L. mmo.t. 


T. E. Stevens, J. Org C 
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' ration by nitrate esters involves, in essence, nucleophilic displace- 
men y t e carbanion being nitrated on the nitrogen of the nitrate ester 
(equation 5). But the alternative process of nucleophilic displacement on 

A:- + RONO 2 -+ AlNOj + RO- (5) 

on is kno^vn, and, with the relatively weakly basic anions derived 

acetoacetic esters, it is the latter mode of reaction 
which is observed (equations 6 and 7).6‘ 


[CHCCOjCjHJj] + CjHsCHjONOj — C.HjCH.CHfCOjCjHsb + >'’’Or (6) 
[CHjCOCHCOjCjHs]- + CjHjCHjONO, CH^COCHCOjCjHs + A’^Oj- (7) 

CH.C5H5 

tration, rather than alkylation, of the anions of malonic and aceto- 
esters can be achieved by the use of acetone cyanohydrin nitrate.®^ 

[CHtCOjGjHs)^]- + (CHjjjCONO, -v CHtCOjCjHs)^ 4- (CHjbCO -f CN" 

CN NOj 


a qpcnnS T ^ ^ ^ distinctly stronger acid than malonic ester, 

nf finH* needed to prevent destruction of an equivalent 

oma onic ester. But an excess of the base (sodium hydride) 


H. + CHtCOjCjHs)^ HCOjCjHj + [O2NCHCO2C2H5]- (8) 
NO2 


(eouatinTf degrades the nitromalonic ester to ethyl nitroacetate 

With a th ’ f excess of sodiomalonic ester is employed. 

oTSn Sr <l'f '■“■o™ diethyl ni.„«...o„ah, » 

nitration xjni-h ^^7^ . As a means of preparing nitromalonic ester, 

maloS es^ wth r- “t^ate is inferiL to the nitration of 

(see p. 136) consistently gives yields of over 90%® 

^cetoacetic estera with acetone 

rTuRs ™ °f-dium hydride, 

roui 0^8 aS T. ? described by 

equation 8 and constitutes a general synthesis of a-nitro esters (equation 

e ter Whh tt /0-55% and are comparable from either type of 

ester. While this method .viU doubtless be useful in particular insrances, 

" Nef, Ann., 309, 172 (1899). 
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RCH(C02C,nt)i 

or + (CH,),CONO,-^HCHCO,C,n, 
RCHCOjCjH, I ( 

I CN NO, 

cocn, 


(9) 


It is greatly infenor to the general synthesis of a-nitro esters which 
employs a-halo esters and sodium mtnte (p 112) 

Acetone cyanohydrin nitrate is rapdly destroyed by metal alkoxides 
and, presumably, the same type of destructive process is responsible for 
the failure to nitrate the anions of such compounds as /-butyl acetate, 
acetophenone, and diethyl succinate.*’ Acetone cyanohydrin nitrate is 
thus of limited utility for nitratmg carbanions. 

Self-condensation of the active methj'lene compound, which may be- 
come an important side reaction, can be minimized by completely con- 
verting the active methylene compound to its salt. For this purpose the 
strong base potassium Lbutoxide and the non-protic solvent tetrahydro- 
furan serve very well 

Nitrate esters are attacked by bases and. indeed, three reaction tj-pes 
are known. By way of illustration the reactions involving hydroxide 
Ion are given ** These, presumably, are to a greater or lesser extent a 


HO- + BONO, — UOR + NO; 

HO- + BClIjCFIjONO,— RCn»CII, + H.O -t- NO; 

HO- -h RCII.ONO, — BCHO + 11,0 + NO; 
source of difficulty in carrying out nitrations by nitrate estera under basic 
conditions. 


THE REACTION OF ACTIVE 
WITH NITRIC ACID OR 


METHYLENE COMPOUNDS 
OXIDES OF NITROGEN 


Whereas the direct nitration of hydrocarbons with nitric acid or oxides 
of nitrogen is, at best, ineonvem'entforthe preparation of pure compiounds 
in the laboratory, high yields of pure poducts can be obtained from active 
methylene compounds under rather mild conditions. When diethyl 
malonate is treated with fuming nitric acid for several hours at 15-20=, 
diethyl nitromalonate is consLstently obtained in about 92®,o jdelds 


Ii.cico.c.n,), o,NCH(co.c,n.i. 

It is important to recognize that the mtio ester thus prepared is invanably 
contaminated by oxides of nitrogen which initiate autooatalytie d-com- 
position of the nitro ester. Tbe.«c oxides, which cannot removed by 


V»nI>oUh.r*« 
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repeated washing and/or distillation, are completel}' removed by treatment 
with urea or acetamide. Diethyl nitromalonate so treated is stable over 
long periods of time.“ 

The nitration of indane-1 ,3-dione occurs readily at 40° on treatment with 
90% nitric acid in acetic acid.®® 


O O 



o o 


The facility with which 1,3-indanediones can be nitrated has been 
employed in an ingenious manner by Zalukaev and Vanag for the synthesis 
of primary nitro compounds.®’ The 1,3-indanediones on which this 


O O 



O O 


O CO.Na 

■ -f RCH.NO. 
CO.Na 

synthesis is based are readily available, especially those in which B is a 
heterocyclic or aromatic nucleus. With B = a-naphthyl, the nitration 
step occurs in 52-60% yield and hydrolysis by 5% aqueous sodium 
hydroxide gives pure a-naphthylnitromethane in 57% yield. While 
a-naphthylnitromethane can almost certainly be prepared more con- 
veniently by a number of other methods, the Zalukaev procedure may 
well prove successful where other methods are inapplicable. For example, 
it is quite possible that nitroneopentane, (CHjlsCCH^BOj, can be prepared 
via an indanedione. 

a,a-Dinitro esters can be obtained, although in poor yield, by nitration 
of half esters of malonic acids with 70% nitric acid.®® In this way the 

ECH(C02H)C0,CjH 5 RCCNO.jjCOjCiHs 

Fieser, Experiments in Organic Chsmistry^ 3rd ed., pp. 127—128, Heath, Boston, l95o. 
Wanag and Lode, Her., 71, 1267 (1938). 

^ Zalukaev and Vanag, J. Gen. CTiem, {UjSE.JR.). 26, 657 (1956). (English Translation 
by CJonsultants Bureau, Kew York, N.Y.) 

** Kissinger and TJngnade, J. Org. Chem.^ 23, 1340 (1958). 
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dinitro esters in which R = II, CH,, C^H,, or have been prepared 

in 8-17% yields. 

Nitration with oxides of mtri^n has had only limited use. Diphenyl- 
cyanomtromethane has been prepared by treating a chloroform solution 
of diphenylcyanoniethane with dry nitrogen dioxide at 15-20°.** 

(C,n,),CnCN (CiU,),C(CN)NO, |57%) 

Diphenylnitromethane has been obtained from diphenylmethsne and 
nitrogen dioxide at 70-75° in carbon tetrachloride solution with anhydrous 
copper sulfate and oxygen present *• 

(C,n,),CH, + NO, (C,H,),CIINO, (ca. 60%) 

If oxygen is not available the reaction produces significant amounts of 
dinitrodiphenylmethane The presence of oxygen ia necessary to prevent 
build-up of the concentration of nitnc oxide which, in conjunction with 
dinitrogen tetroxide, converts diphenylmethsne to duiitrodiphenyl- 
methane. The accompanying reaction scheme has been proposed to 
accommodate these facts.’^ 

(C,a|),CIf, + NO, -• <C,H,),CH + HNO, 

(C,ll|),cn + NO, — (C,U,),CHNO, 

2IINO, N,0, + H,0 
N,0, pi NO -I- NO, 

(C.n.ljCH -b NO — (C,n,),CHNO 
(C,H,),CflNO ■+ N,0, -► (C,H,),C(NO,), 

MISCELLANEOUS METHODS OF INTRODUCING A NITRO GROUP 
This section briefly describes miscellaneous reactions of rather limited 
utility or reactions concerning which there are but few data. 

Triphenylnitromethanc has been obtamed by the reaction of tnphenyl- 
methyl radicals with nitrogen dioxide in diethyl ether eo]ution.«i 
(C,H,),C- + NO,-* (C,H,),C!NO, -P (0,n,),C0N0 
Ultraviolet irradiation of a gaseous mixture of a perfluoroalkyl iodide 
and nitnc oxide in silica vessels, mercury being present to remove iodine, 
results m the replacement of iodine by a niteoso group. The yields are 
good. The nitroso compounds are oxidised by hydrogen peroxide to the 
corresponding nitro compounds .« 

H P ckeli. Bit . 89, 790 

T *./"Gen Chem (C7.5J! R >. 18. ISi* (IMS) [C A . 43. «217 (1M»)] 

„ j cum See , 1953, 3755 
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hr 


-y KX. 


I- 


F,C- 4- KO l-’jCXO -i^>- I'jO'O, 

Addition of nn oiefin to a Hointion of pure nitrogen tetroxidc in diethyl 
ether at 0° with oxygen present produces a mixture of the 1,2-dinitro 
compound, the nitroalkyl nitrate, and the nitroalkyl nitrite. Properly 


\ / 

C=C 

/ \ 



XO; XOj XOj OXOj XO. 0X0 


conducted, thi.s can he a useful method for preparing 1,2-dinitro 
compounds.’" Some typical nitro compounds obtained in this way are 
given below. 


OjXCIIjCHjXO. (37%) (CHjlXCHXlCHjlCHjXO. (53%) 

XO; 


CH, 

/ \ 

CH- CHXO, 


CH, CHXO, 

\ / 

CH. 


(42%) 


The nitration of unsaturated steroids is a useful reaction.^" Thus, 



treatment of cholesteryl acetate XI in ether solution at 0° ■with fuming 
nitric acid affords pure 6-nitrocholesteryl acetate XII in 72% yield.^^ 
In the same way XIII is converted to XIV."^ The importance of tempera- 
ture control in these nitrations has been emphasized.'^^ 


Ficser and Ficsor, Steroids, pp. 43-44, Rcinhold, New York, 1959. 
Anagnofltopoulos and Fiesor, Am. Chem. Soc., 76, 532 (1954). 
Bowers, Ibdncz, and Ringold, J. Am. Ohem. Soc., 81, 3707 (1959). 
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COMPARISON OF THE VARIOUS PROCEDURES FOR 
INTRODUCING A NITRO GROUP 

Certain generaluations are possible regarding the effectiveness of the 
various procedures for the preparation of particular types of nitro com- 
pounds These are noted m the table below. 

Nitco Compounds Preferred Procedures 

Primary nitroparafflns SUver nitrite + alkyl halide 
Sodium nitrite -I- alkyl halide 
Aldoxlme +• peroxylrifuoroacetie acid 
A'ole: For tbe synthesis of ACH,NO,, where A 
s powerful electron-withdrawmg group, 
e.g.. carbetboxy. p-nitrophesyl, the use of 
sodium nitrite is to he avoided. 

Secondary mtroparaffias Sodium nitrite 4- alky] hahde (or aulfonate 

Amine + peracetic acid 
Ketoxime -i- pecoxytrUluoroacetic acid 
Ketoxime + N-hromosuccmimide followed by 
sodium borohydride 

Holt: Sodium mtnte fails with cyclohexyl 
balidea. Really pure secondary bromides are 
not likely to be obtained by the action of 
bydrobrotmc acid or phosphorus tribromlde 
on secondary alcohols (p. 112). The ketoxime 
-p N-bromosuccinimide procedure fads with 
aromatic ketoximes and is, in general, inferior 
to the peroxjtnfluoroacetic acid method. 
However, m the oxidation of hindered oximes 
(where perozytnfluoroacetic acid fails) the 
N-bromosoccinimide method is successful. 
Fotassiiim permanganate I-cacbinammes 
Peracetic acid + l-carbinamlnes 


Tertiary nitroparafflns 
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a-Xitro esters 


a-Xitro nitriles 

a-Xitro ketones 
2-Xitro-l, 3-diketones 


Sodium nitrite -f a-halo esters 
Acetone cyanohydrin nitrate -f- sodium enolates 
of monosubstituted malonic or acetoacetic 
esters 

Silver nitrite a-halo esters 
Note: Xitromalonic ester is best prepared by 
nitrating malonic ester 'n-itb nitric acid. 

Xitrate ester 4- potassium t-butoxide -f- nitrile 
Sodium nitrite -j- a-halo nitrile 

Xitrate ester potassium <-butoxide -r ketone 
Xitric acid -f- 1,3-diketone 


EXPERIMENTAL PROCEDURES 

Syntheses Employing Silver Nitrite 

Silver Nitrite. The preparation of tliis salt is given in Organic 
Syntheses.'^ 

^“^•trooctane. Detailed directions for the synthesis of this nitro- 
paraffin in /5-80% jdeld from l-bromo6ctane are given in Organic 
Syntheses.'^ 

^'^“^^^trobutane. The preparation of this dinitro compound in 
41—46% yield from 1,4-diiodobutane is given in Organic Syntheses? 

Phenylnitromethane.® A slurry of 100 g. of silver nitrite and 1 g. of 
calcium hydride in 250 ml. of anhj'drous ether is cooled to 0° in a 500-mI. 
three-necked flask fitted with a dropping funnel, stirrer, and drying tube, 
and 85.5 g. (0.5 mole) of benzyl bromide 1.5762) is added dropwise to 
the stirred mixture over a period of 1 hour. After stirring at 0° in the 
dark for a total of 25 hours, tests for unreacted halide using a saturated 
solution of silver nitrate in acetonitrile and the Beilstein test are negative. 
The reaction mixture is filtered, the silver salts are washed with ether, and 
the waslMgs are added to the original filtrate. About 1 g. of calcium 
hydride is added to the ether solution and the ether is distilled at atmos- 
pheric pressure through a 1 x 50 cm. glass helix packed column; the bath 
temperature is maintained between 48° and 50°. The last of the ether 
K removed under the vacuum of a water pump and the residual liqmd is 
distilled through a 6-in. Vigreux column. Nineteen grams (28% yield) 
of benzyl nitrite is obtained, b.p. 56-56.5°/8 mm.; <1.5006-1.5008. 
-Afer a 3-g. interfraction there is obtained 41.4 g. (61% yield) of phenyl- 
mtromethane, b.p. 77-79°/l mm.; < 1.5315. The phenylnitromethane 
is completely soluble in 20% aqueous sodium hydroxide. 

Kombhim and TJngnade, Org. Synihrscs, 38, 75 (1958). 
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Syntheses Employing Sodium Nitrite 

Ethyl tt-Nitrobutyrate. Detailed directions for the synthesis of this 
s-nitro ester in 68-75% jneld from ethyl a-bromobutyrate are given in 
Organic Syntheses 

l“Nitro6ctane.®’ 1-Bromooctane (58g, 0.30 mole) is poured into a 
stirred mixture of 600 ml of dimethylformamide (DJIF) and 36 g of 
sodium mtrite (0.52 mole) immersed in a water bath maintained at room 
temperature, stirring is continued for 6 hours. The reaction mixture is 
then poured into 1.5 1. of ice water layered over with 100 ml. of petroleum 
ether (b.p 35-37°), The aqueous phase is extracted four more times 
ivith 100-ml, portions of petroleum ether, after which the combined 
extracts are washed with water and dried over anhydrous magnesium 
sulfate. The petroleum ether is removed by distillation under reduced 
pressure, heat being supplied by a bath whose temperature is gradually 
raised to 65° Rectification of the residue yields 13.6 g. (29%) of 1-octyl 
nitrite (b.p 3772mra, nj 1.4127), 2.8 g. of interfractions, and 28 2g 
(60%}ofl.mtrooctane(bp.60°/linm., 1 4324). UTien l-iodooetane 
i? used the reaction time is cut to 2| hours. 

2-Nltrooctane. A” 2.1odooctane (71 2g.. 0.30 mole) is poured into 
a stirred solution of 223 ml. of dimethyl sulfoxide (DMSO) and 36 g, of 
sodium nitrite (0 52 mole) contained to a 500-ml. flask immersed in a 
water bath held at room temperature. Stirring is continued for 4 hours. 
The reaction mixture is poured into 600 ml. of ice water layered over with 
100ml ofpetroleum ether (bp 35-37°). The aqueous phase b separated 
and further extracted with four lOO-rol. portions of petroleum ether. 
The combined extracts are washed with water and then dried over 
anhydrous magnesium sulfate. The petroleum ether solution is distilled 
through a small column, after which the residual liquid is rectified under 
reduced pressure At 2mm. 140g. (30% yield) of 2.octyl nitrite 
(nl? 1 4089) dbtilU at 32°. thb » followed by a small fraction (3.9 g.) 
(bn 53-50°/l mm.: nff 1.41IM.4382), after which 27 g. (58% yield) 
of 2.mtro6ctane (b.p ei'/l «m ; < 1.4281) b obtained 

2-Iodooctane (72 g., 0.30 mole) is poured into a stirred mixture of 
600 ml. of DMF, 36 g of sodium nitnte (0.52 mole), and 40 g. of urea 
(0 67 mole) in a M- flask eq“'PP«* • sealed atirrer. The flask b 
stoppered, immersed in a water bath mainUined at room temperature, 
and stirring b continued for 4 hours. Hie reaction mixture b then 
poured into 1.5 1. of ice wafer layered over with 100 ml, of petroleum ether 
(b p 35-37°). After separation of the upper layer, the aqueous phase b 
extracted repeatedly with petroleum ether. The combined extracts are 
then washed with two 75-ml. portions of 10% aqueous sodium thiosulfate, 
with 160 ml. of wafer, and are dried over anhydrous magnesium sulfate. 
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Using a small column, ihe petroleum ether is stripjK'd off under reduced 
pressure, heat being supplied b}' a hath who=c temperature is gradually 
raised to about 05'. The residual pale-blue liquid is transferred, 'vith the 
aid of a little petroleum ether, to a 100-ml. flash, the column is attached, 
and the remaining .solvent i.s removed under reduced pre.«sure. Recti- 
fication of the residue yield.s 12.0-14.2 g. (25-30%) of 2-octyl nitrite (b.p. 
30’/2mm.; nj” 1.4031), 0.9-3.3 g. of intcrfractions. and 27.2-28.1 g- 
(57-00%) of 2-nitroactane (b.p. 5771 mm.; u” 1.42S0). 

Nitrocj'clopentane.*’ Cyclopcntvl bromide (22.0 g., 0.15 mole) is 
treated with a solution of 18 g. of .sodium nitrite in 100 ml. of DMSO for 
3 hours at 15°. On working up the reaction mi.xturc in the same way a.s 
in the preceding example, ft. 3 g. (.58% yield) of nitrocyclopentane is 
isolated (b.p. 0278 mm.; 1.4.538). 

Phenylnitromethane.2' Benzyl bromide (51.3 g., 0.30 mole) is poured 
into a .stirred mixture of GOO ml. of DMF, 30 g. of .«odium nitrite (0.52 
mole), and 40 g. of urea maintained at — 20° to — 1.5°. After 5 hours the 
reaction mi.xturc is worked up a.s in the l-nitro6ctane preparation on 
p. 131 except that 700 ml. of dieth}'! ether i.s iL^cd for extraction. Rectifi- 
cation gives 13.1 g. (33% yield) of crude benzyl nitrite (b.p. 44°/5mm.: 
tTq 1.5010-1.5024), 1.7 g. of intcrfractions. and 22.1 g. (55% jdeld) of 
phenylnitromethane (b.p. 7072 mm.; rig* 1.. 5310). The phenylnitro. 
methane is completely soluble in 20%, aqueous sodium hydroxide. 

(-f-)“tt-Phenylnitroethane.^^ In a 1-1. flask equipped with a stirrer, 
a drying tube containing potassium hj'droxide, and a dropping funnel are 
placed .550 ml. of DlilF (dried over calcium hydride), 35.0 g. (0.534 mole) 
of dry sodium nitrite, and 47.4 g. of drj' urea. The reaction vessel is 
placed in an ice-salt bath, .stirring i.s begun, and the solution i-s cooled 
— 18°. (-{-)-a-Phenylethyl bromide (65.1 g., 0.352 mole; ~ 
4-66.32; neat, 1 dm.) is added dropwise over a 3- to .5-minute period. 
The flask is covered with a towel to exclude light. After 13 hours at 
18° a negative te.st for organic halide* is obtained .showing that the 
reaction is complete."}' The reaction mixture is poured into 1 1. of ice 
water layered "with 400 ml. of benzene. The aqueous laj’cr is extracted 
■with three 100-ml. portions of benzene and then with two 100-ml. portions 
of diethyl ether. The combined ether-benzene extracts are washed with 
four /5-mI. portions of water and dried over anh5'drous magnesium 

• Thij tMt 13 carried out by ahaking several dropi or the reaction solution with a milturc 
of about 1 ml. of water and 1 ml. of petrol'ium ether (b.p. 311-37'). The petroleum ether 
layer is isolated, most of the petroleum ether is removed by evaporation, and a drop of a 
saturated solution of silver nitrate in acetonitrile is added. A precipitate shows the presence 
of organic halide, whereas a cloudy, or clear, solution signifies the absence of organic halide. 

t The reaction mixture is worked up in subdued light until the nitrite ester has been 
removed. 
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-Nitrobutane.^2 vigorous stirring, 65.2 ml. (2.4 moles) of 90% 

y(kogen peroxide is added dropwise fairly rapidly to 300 ml. of ice- 
cooled ethylene chloride. After addition of four drops of sulfuric acid 
catalyst, 292 g. (2.88 moles) of acetic anhydride is added to the cooled' 
solution during 90 minutes. The mixture so obtained is stirred for 30 
^utes at 0= and 30 minutes at room temperature. It is diluted with 
200 ml. of ethylene chloride and heated rapidly to reflux. At this 
temperature a solution of 43.8 g. (0.6 mole) of sec-butylamine in 50 ml. 
of ethylene chlonde is added dropwise over 1 hour. The reaction is very 
exothenmc during this addition, and the system rapidly develops a blue 
color. After the amme has been added, the mixture is heated under reflux 
lor 1 hour. It is then cooled, washed with two 500-ml. portions of cold 
1:1 ammonia, and then ivith 500 ml. of water. The organic extract is 
dried over magnesium sulfate, and the major portion of solvent is 
removed by fractionation in a column packed with glass helices. The 
residue, still containing some solvent, is fractionated in a spinning band 

column; ^.2 g. (65%) of 2-nitrobutane (b.p. 64-66760 mm.; 1.4043) 

IS obtained. " 


Ihe Oxidation of Oximes 

PhenyMtromethane.« A solution of peroxytrifluoroacetic acid is 

90% hydrogen peroxide, 34.0 ml. 
( .24 mole) of tnfluoroacetic anhydride, and 50 ml. of acetonitrile. This 
? labour period to a weU-stirred mixture of 2.0 g. of urea, 
g. (O.oo mole) of dibasic sodium phosphate, and 12.1 g. (0.1 mole) of 
bei^ldehyde oxime in 200 ml. of acetonitrile. The mixture is heated 
un er gentle reflux during the addition and for 1 hour after the addition 
as een completed. It is then cooled and added to 400 ml. of water. 
Ihe resulting solution is extracted with four 100-ml. portions of methylene 
of mo/’ combmed extracts are washed with three 100-ml. portions 

rp. ? icarbonate solution and dned over magnesium sulfate. 

Ihe solvent is evaporated under reduced pressure and the residual Hquid 
through a semimicro column. After a small forerun has 

b -n Q 7 ° tained 10.6 g. (77%) of colorless phenylnitromethane, 

D.p. y/-yy /4.0 mm. 

+ ^^^°beptane. A solution of perox 3 rtriflnoroacetic acid in 
cetomtnle prepared as described above is added over an 80-minute . 
P o oa-rte 'Stirred suspension of 47 g. (0.55 mole) of sodium bicarbon- 

? of urea, 12.9 g. (0.1 mole) of di- 71 -propyl ketoxime, 

, I ? acetonitrile. Throughout the addition and for 1 hour after, 
the solution is heated under gentle reflux. It is then poured into 600 ml. 

’• Gould. HoUman. and Niemann. Anal. Chtm., 20 , 361 (1348). 
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of cold « ater and worked op as in the preceduig preparation Fraction- 
ation of the product through a semimicro column’* yields 9.3 g. (64%) of 
t-nitroheptane, b p 58-41073 mm. 

Nitrocyclobcitane.** Asoiutiono/ld.lg (0.19 mole) of cyciobutanone 
oxime and 40 g (0 47 mole) of sodium bicarbonate dissolved in 230 ml of 
water is added during 30 minutes to a stirred solution of 85 g. (0 47 mole) 
of N-bromosuccinimide dissolved in 200 m} of water The reaction 
mixture is maintained at 0-10° by an ice-salt bath and is stirred 30 
minutes after addition of the oxime solution. The product is collected 
by five extractions witli $0-mt portiona of petroleum ether (b.p. 20-40°) 
The combined extract is concentrated on a steam bath, and the blue oil 
IS oxidized by shaking at room temperature with a mixture of 150 ml. of 
concentrated nitnc acid (sp gr I.42)and70ml.of30%hydrogen peroxide 
until the blue color is completely removed. The reaction mixture is 
diluted with water and the bromonitrocyclobutene is extracted with 
petroleum ether (bp. 20-40°) After washing with dilute sodium 
hydroxide solution and water, the solvent » removed by distillation. 
The crude brotnonitro compound (about 23 g.) is added dropwise to a 
stirred refluxing mixture of 38 g. (l.Omole) of sodium borobydnde in 
300 ml. of methanol and 100 ml. of water (about 30 minutes are required). 
The methanol is removed by steam disUUalion and the aqueous solution 
18 acidified by addition of 75 g- of hydroxylsmine hydrochloride The 
nitro compound is collected by continuous extraction with petroleum 
ether (b p. 20-40°) After drying over anhydrous soldium sulfate, the 
extract yields 42 g (23%) of pure nitrocyclobutane (b p. 77-7R®/40mm.: 

1.4413) 


Nitrations Employing Nitrate Esters 
Phenylnltromethane. Benzyl cyanide is nitrated ivith methyl nitrate 
and the resulting salt is hydrolysed and decarboxylated; the over.all 
yield of phenylnltromethane is 50-56%. Detailed directions are given in 
Organic Synlhesu.** 

Dipotassium 2,5-DinitrocycJopentanone.'® A stirred solution of 
18.45 g. (O.J65mole) of potassium l-butoxkle (rendered free of <-butyI 
alcohol by sublimation at 220°/l mm.) in 90 ml. of tetrahydrofuran 
(purified by refluxing over sodium hydroxide and then distilling from 
potassium metal under nitrogen) is cooled to —30° by means of a solid 
carbon dioxide bath, and 4.2 g. (0.05 mole) of cyclopentanone dissolved 
in 70 ml. of tetrahydrofuran is added dropwise over 30 minutes. A 
solution of 14.6 g. (0 H mole) of amyl nitrate in 35 ml. of tetrahydrofuran 
is then added dropwise over 30 minntes with the temperature maintained 



136 


OKGANIC REACTIONS 


at —30°. The bath is removed and the reaction mixture is allowed to warm 
to 25°, with stirring. 

As soon as the reaction mixture reaches room temperature, it is filtered 
through a pressure filtration apparatus, nitrogen being used to supply the 
pressme. The residue, dipotassium 2,5-dmitrocyclopentanone, is washed 
successively mth 70 ml. of tetrahydrofuran, 50 ml. of methanol, and 50 ml. 
of ether and is recrystallized from 30% aqueous potassium hydroxide. 
The green crystals are washed with methanol until the washings are 
colorless and neutral. The yield of analytically pure salt after drying at 
56°/l mm. is 55%. 


Nitrations Employing Nitric Acid 

Diethyl Nitromalonate.®^ Diethyl malonate (80.0 g., 0.5 mole) is 
placed in a 500-ml. three-necked flask fitted wth dropping fmmel, stirrer, 
thermometer, and an outlet protected by a drying tube. The flask is 
cooled by tap water at 12°, and 184 ml. of fuming nitric acid (d. 1.5) is 
added at a rate sufficient to maintain the temperature between 15° and 
20°. The addition requires 1 hour, after which time the mixture is 
stirred for 34 hours at 15°. The solution is poured onto 1 1. of ice 
and water and the ester extracted with a 200- and a 100-ml. portion of 
toluene. 

The combined toluene extracts are washed t^vice with water and 
then with 200-ml. portions of 5% aqueous urea until a starch-potassium 
iodide test for oxides of nitrogen in the wash is negative. The toluene 
solution is extracted with 10% aqueous sodium carbonate in portions 
imtil acidification of a test portion of extract shows that it contains no 
nitro ester. The sodium carbonate extracts are combined and washed 
once with 200 ml. of toluene. The aqueous solution is then carefully 
acidified to Congo red paper with concentrated hydrochloric acid, with 
cooling by the occasional addition of ice. 

The ester is collected by extraction with 500-, 200-, and 100-ml. portions 
of toluene. The toluene solution is washed with two 200-ml. portions of 
water and then with 5% aqueous urea, again being checked with starch- 
potassium iodide test paper for the complete absence of oxides of nitrogen. 
The toluene solution is dried over magnesium sulfate. The yield of ester 
is determined by weighing the toluene solution, taking an aliquot, adding 
an equal volume of ethanol, and titrating the nitro ester with N sodium 
hydroxide to a phenolphthalein end point. The assay shows that the 
yield is 94.1 g. or 91.7%. If analytically pure ester is desired, it may be 
obtained by concentrating and distilling. The pure ester 1.4274) 
boils at 81— 83°/0.3 mm. 
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TABULAR SURVEY 

Each of the follow mg tables, 11 through VII. is concerned with a general 
method of preparing nitro compounds. Within a given table the mtro 
Compounds are divided into three groups, primary, secondary, and 
tertiary Within each of these groups (except ui Table VI) compounds 
are listed m the following sequence 

Straight-chain nitro compounds 

Eranchcd-chain nitro compounds 

Alicyclic nitro compounds 

Unaaturated mtro compounds 

Benzylic and other arylatcd nitro compounds 

Nitro ketones 

Nitro acids 

Nitro esters 

Nitro nitnics 

Miscellaneous nitro compounds 
Dinitro compounds 
In Table VI the sequence is. 

Nitro compounds devoid of other funet/onal groups 
Nitro ketones 
Nitro esters 
Nitro nitriles 

Miscellaneous nitro compounds 

The literature through June. 1959, has been covered in this survey. 

Throughout these tables a dash in the jield column corresponds to an 
unspecified yield and is different from 0 % yield which, when established. 

18 always explicitly stated. 
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l''(01lu)aNO„ (73) 
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DMSO, at 11% a 22% yirld of a-pheoylnitroethar 
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TABLE IV 

NiTBO Compounds Prepared by the Oxidation or Amines 
RNH,* -» UNO, 

Nitro Compound (Yield, %) Oxidizing Agent Reference 


CH,(CH,),NO, (33) 
Cn,CII,CH(CH,>NO, (65) 
NItrocyclohexane (70) 

(CH,),CNO, (83) 
icn,),cnc(CH,),No, (7i) 
(CH,),CHCH,C(Cn,),NO, (82) 
(Cn,),CCH,C(CH,),NO, (77) 

(87) 

l-Nitro-l-methylcyclopentAne (72) 
l-NUro-l'methylcyclohexAoe (73) 
l-Nltro-l,4-dimethylcyelohex*ne (70) 
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Diethyl nifw>xa]ate 
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CHA>CH{CIH^^,)0o,C,H, 



TABLE VI — Continued 
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TABLE VII 

Nitbo Compounds Pbepaked with Nitbic Aero 


Nitro Compound (Yield, %) 
(CeHsljCHNOj* (ca. 50) 
02 NCH(C 02 C 2 H 5)2 (ca. 92) 


II 

(67) 

O 

HC(N02)2C02C2Hs (11) 

o 





(74) 


Compound Nitrated Reference 


(C,Hs)2CH2 70 

Diethyl malonate 63 

1,3-Indanedione 66 

H2C(C02H)C02C2Hs 68 


2-Phenyl-l ,3-indanedione 


67 


2-(a-Naphthyl)'l,3-indanedione 67 



* In this reaction nitrogen dioxide and oxygen were used in carbon tetra- 
chloride at lO-Io” with anhydrou-s cupric sulfate instead of nitric acid. 
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T AWT.R VII — Continued 

NiTRO Compounds Prepared with Nitric Acid 
Nitro Compound (Yield, %) Compound Nitrated Reference 


Br 



(C,H,),0(CN)N0,+ (57) 
CH,C(NO,),CO,C,H, (17) 
C,H,C(N0,),(30,C,H« (17) 
n- 04 U,C(N 0 ,),C 0 ,C,H, (8) 
(0,H,),C(N0,),t (ca. 30) 


Br 



(C,H,>,CHCN 
CH,CH(CO,n)CO,C,H, 
C,H,CH(C0,H)C0,C,1I» 
n-C4lI,Ce (CO,H )C0,0,1I, 
<C.U,),CU, 


67 


60 

68 

68 

68 

70 


Noit Reference. 77 to 108 ere on p- 159. 

t Dry nitrogen diox.de in chloroform at 15-20* wm uaed instead of nitric 

**'/'Nitrogen dioxide and nitncoxide were uaed in carbon tetrachloride with 
calcium nitrate Instead of nitric acid. 
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INTRODUCTIOX 

aol>3'*idj or mixed arfiydride, fa a dehydration piodnct 
of tro polyoxy ac.da. For a mixed anhydride to be of in Jest for 

EiCOjH 4- RjCOjH-i- RiCOOCORj -j- HjO 
RiCOjH + RjSOjH^ Pa^COOSOjR, ^ HjO 
peptide .j-nthesfa one of the component add. „„st. in general be an 
nCOXHCHR,OO.H f- HA-. H.COXHOHR.COA + H,0 
RiCONHCHRiCOA -i- HjXCHR^CO- -► 

EiCOXHCHRjCOXHCHRjCO- — HA 

add. HA, may 

geiJl^,i'r£,orfJS'y1ri1ie??omd.'^ ‘ 

fi?m pol'voxv adr^ ^ conventional mized anhydrid ^derivable 

isonreasaSL^oinudL, ! 

hyrelS^lZZ anhydride is nsnaUv prepared 

nlt7ntZo7Z~ t7 7 ^metrical anh^dSde that 

I «>ntponent but is also insteunental in 

catLsing the reaction to proceed in the desired direction. 

RiCOOT^^'o 

“ * ' ^®*^*^* ^i^OXHCHRjCOOCOOCjHs A HCI 

RiCOXHCHRjCOjH + CIP(OCjHj)j -► 

RiCOXHCHRjCOOP(OC,He)j A HQ 
SRjCOXHCHRjCOjH A P{SCeH,XO,-j,)g -* 

3Ps^COXHCHRjCOSC*H,XOj^ A HjPO, 

a-a^Tamtrrci? ^'7 ^ ^ chemfatiy of the acyclic 

L2^ a“TcUol““ -ell-known Jcyl- 

ammo acid chlondes and azides which have already been the subject of 
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an excellent review.' In general, discussion of the application of a- 
acylamino acid mixed anhydrides will be limited to non-polymenc peptide 
bond formation and will not be concerned with acylations other than those 
leadmg to the formation of a peptide bond. 


GENERAL CONSIDERATIONS 
Nature of the Reaction 

Formation of the a-Acylamino Acid Mixed Anhydride. In 
general, in the displacement reaction between the w-acylamino acid anion 
and an unayrametrical anhydride the less reactive a-acylamino anhydride 
is formed with the eliminaUon of the stable amon corresponding to the 
stronger acid.* 

Amide Bond Formation. In the reaction of the c-acylamino 
anhydride with an amine, the amine behavea as the nucleophile and the 
acylating species as the electrophilic reagent In an anhydride of the 
type R,CONHCHB,COOCOK, the amine may attack at either anhydride 
carbonyl It E,CONHCHB,- » the mote strongly electron.sttracting 
group, the adjacent carbonyl will be mote poaitively charged than that 
adjacent to E. and the desired amide bond fonnattcn will predommate.'.* 
The base strength of the attaekmg amine may also be important in 

determining the major producu of the reaction.^ 

The effect of the acleent upon the coulee of peptide ayntheais haa 
tacaived little attention Howeyer. m analogous reactiou. inyoWng 
itmplar unsymmatneal anhjdridea. aole.nta ate known to haya consider, 
ahle effect The mlaed anhydride of acetic and ptopiome acid reacta with 
amlinc in an anhydrou. m«l.un to giy. a 90% yield of proplon.mhde, 
wheceaa in an aooeoua medium propionylation deeteases and the 
yield of acotanilid. ri... to 32%.- 

reaction of aniline with the miaed anhydride of acetic acid and chloto- 
acetic acid- the ratio of chloroaeotylatlon to acetylation docmasod 
considerably with y.riation of the wtyent in the order bensene, acetone, 

and aqueous acetone ’•* j v .1. n 

The riold of acylatione carried out m watm- n, mllnenced by the pH 
of the eolution In nomagneon. solyonts the rate may ba Influenced by 
the ^addition of acid, or biaes Theiw factor, will be considered m— 
fully under the individual a-at 


mixed aohydndes 


w .» Fro 


w, Chtm. 9, I (1S49). 


‘ T-’dd./ CTm- iSho . 195*. 18 

'■ .nd Cold. } chem. . 19S0. M**. 1«7 
Z »nd Gold. J CA«"» Sac . 195«, l«SS. 

5ympo»ita'’' on Prpltdt CHematlry, Specinl Publ. J 

(London). I»55. 


,f4. rnJ.S3S,H 


• (MM) 
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Stnictiiral Factors 

ffiVot of vnrviiig tho nllcvl 
rt PI nol.yciricics of tlx- general formula 

or \ hns been fletermined by reaction of 

nlinl ****^*^'‘^» tlerivecl from cArhobcn/yloxv^Ovcine niul rnrious 

C H PR OPnv^r'n ; of the' nnxeci anhvclricle 

nniliV >■» producing carl)obonzvloxvglvcvl- 

•‘^'oric requirement of t!.; grm.p L. 
Vn, 1 predicted by Xcu-mnnV ride of six.' Thu.s 

rom dietliylacet.c acid and i.^ovnlcric acid, Jmving the bigbe.st six number, 

^speethf"?)" ' ^''^’^“^"-''-^•’o^.^iyo.vlaniliile (85^' and S.r,' 

nu3i; • ■. I r ''“•ric ncid mixed anhydrides with .six 

anilide of°^' 'l 'm-o*'” isovnleric ncid gave yields of the nhove 

?rom trim>M ^ ^••spectively. However, the anhydride 

gave n 7‘>«/ vv'n 'f '"''"*’0'' of =’«^ro) and cnrbobcnr.ylo.xyglycine 

Po Jill f “'■'>ol>en7.yloxyglycyl„nili<le. In this in.stnnee, it is 
LTor ro T ""'Vl groups play the 

major role in determining the course of the reaction. ^ * 

environmpnr°''^'”^i studj’ of the clTcct of changing the stcric 

cajbolmnrti''"'''' group is carbohenzyloxy or 

ti?nZ‘ r used, 

formation of ° grouji is trityl, stcric hindrance generally prevents 

ar“c'“ p° , r ™,'"“ r'“- »' 

formate nu7 . . «ol>ydridcs with ethyl cliloro- 

hcxylcarbodiimidcdl'is anhydrides with dicyclo- 

for^Tr^mirT^ M carbonate reacts with ethyl p-nminobenzoate to 

fZstL ex- f " 1 TT -otylglycyl ethyl carbonate 

forms the expected amide IL- However, other formylamino acid alkyl 

HC0NHCH,C00C000,H, + P-n,NC.H,CO,C,H,-. 

P-CjHjOjCHNCbHjCOjCjHj 
I (55%) 

-r- >!”■. C/^cm. Sac.. 72. 4783 (1950) 

, H-n® °Z'°' 73- 05=3 (1961). 

;; r-f Si 

K.ng, Clark-Lewi,. Kidcl. and Smith. .7. CheL sZ'.. 1954, 1039. 
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cn,coxiicn,coocooc,ii, + p-ii,NC,ii4CO,c,n, — 

cii,coxiicn,coNiic,H4CO,c,ir, 

n (S2r.) 

carbonates react in the normal manner although yields are frequently low. 

Lon yields <30-40%) of product have been obtained in the coupling 
of sodium glycinate with the mixed anhydrides CICHjCONHCH- 
[CH,CHjCH{SC,IIi),]COOCOOC,H,„aiidCICH,CONHCHjCOOCOOCgHj, 
derived from the corresponding chloroacctylaniino acids.** Chloro- 
acctylamino acids would be expected to give unsatursted azlactones as 
by-products in many mixed anhydride syntheses '* 

A remarkable reaction discovered by Beccham*'.*? isprobablyapphcable 
to a variety of a tosylamino acid mixed anhydrides. He observed that 
a-tosylamino acid chloridea react with aqueous sodium hydroxide solution 
with evolution of carbon monoxide (8&-99% yields) and the formation of 
an aldehyde (or ketone). p-toluenesulfonamidB. and sodium chloride. 

p-Cn,C,II,80,NTTC(ntR,)C0Cl + NaOn -► p-Cn,C,HiSO,NCR,B,COCl 

p«cn,c,n,so,Nii| + R,R,co-*5j2_p.cii,c«n,so,N=c(R,B,) + 

CO + NaCl + H,0 


The reaction is slower with sodium carbonate than with sodium hydroxide 
and fails with sodium bicarbonate. With aqueous ammonia, but not with 
glycine or prolme. a tosyUmino acid amide results. a-Tosyl-DL-vslyl 
atide dissolved in aqueous sodium hydroxide with effervescence, and the 
odor of isobutyraldehyde was noticeable.'* This suggests that the 
Beecham reaction may be fairly general for «.tosylamino acid mixed 
anhydrides . . , ... 

To avoid the Beecham reaction in the acyUtion of ammo acid salts 
with «-tosylamino acid alkyl carbonates it is merely necessary to control 
the ©H of the solution by introducing magnesium oxide, sodium bicar- 
bonate or simaarly weak alkaline reagents However, even under 
mddly basic conditions *.tosylamino acid alkyl carbonates do not always 
react smootUy a-Tosylisolencinc alkyl carbonates give less satisfactory 
results in peptide synthesis than do carbobensyloxyisoleucine alkyl 
carbonates ** Various a-tosyJalanme phosphate esters in model coupling 
experiments with cyelohexylanune gave unpromising results (unpublished 
work but see ref 19)- ProtecUon of the a-amino group by groups other 
’ogl .nd Sohop«>.n. Sec Ireev . 75. » (1»S6). 


^ /nd (i-WMfcx*), aa, 1120 (1955) 

Chem See . 79, 9*57 (1*57) 
ind Craig. -7 OV *^^5^ • "5* (1955) 

i. and Stadman. .r.C»CT» Sae . 1953. S73 
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If tulSrf On the other hand, the mixed anhydride 

in 860/ V- M ^°7lgly«ine of Kenner^ condensed with phenylalanine 

Offers frofolT^ phenylalanylglycine in 92o/„ yield. This method 

mixed anhvd anhydride procedures in that the sulfuric acid 

mixed anhydride III is used in the form of its salt. 

p-CH3C,H,S0,NHCH,C0,Li + SO 3 p-CH^CeH.SO^NHCH^COOSO^Li 

III + H2NCH(CH2CeH5)C03H — 

1i-CH 3C3H,S03NHCH2C0NHCH(CH2C3H3)C02H + T.iTTSn, 

salt or the ester^nf amine that is acylated may be either the 

ntw Int “J""” ““ " If ™ is employed. . 

Z dn jri, J "‘I' »dmm biearbon.t. 

outrent distribution l^a^pmte'itTnT'*”"' ‘'"I™® 

soylsmlno acid or peptidj ^ *'’* °"S™‘ 

tot ‘“P'l’fldes ™ prepared in one of 

ethyl chloroformate in'ethep^” ydnde of carbobenzyioxy-DL. valine and 
acid and the tiroHn t condensed with the ester of an amino 

OetJ. „ “Z t.r.b ' , ® 'I" ■’"’“dnre .!.» Vaughan and 

use of at .Te.uZldiZZif''^ ‘’Z"'" ”» “> 

salts are used, particularly if sodium 

immiscible solvent. ^ anhydride was prepared in a water- 

the'^solLt"" t carboben.yloxy dipeptides with 

Part of hS tmXZTZ of difficult Jin purification.- 

mixtures of stereoisomers since h '’oc^.due to the presence of 

There are several rop i. working with DL-amino acids, 

acylamino acid mth the'sSium^saft ofTd^ satisfactory to condense an 
acylated peptide with the amino acid. ^ condense the 

of free amino groups Jd coLe^^^^ti^^ higher concentration 

product than the amino acid's'll ^ ^ yield of acylated 

twenty times the concentration of frf glycyltryptophan has about 

ree ammo groups as tryptophan, and 

!i 9. 399 (1954) 

\ aughan and Osato, J. Am Chem <? ^ 

,o. OAem. Soc., 74, 676 (1952). 



SYNTHESIS OE PEPTIDES WITH MIXED ANHYDRIDES 


167 


the peptide reacts more smoothly with silver phenyl carbobenzyloxy. 
glyeylpho«phate than tryptophan.** 

2 The separation of an acyl tnpeptide from an a-acylaraino acid will 
generally be easier than the separation of an acyl tnpeptide from an 
acyldipeptidc 

3. In condensing the carbobenaylosy or phthaloyl derivatives of the 
a-acylnmino acid with the dipeptide, less racemization would be expected 
than in condensing the acyloted dipeptide with the amino acid. Tri- 
and higher peptides, however, are more susceptible to racemization than 
dipeptidcs, and methods avoiding alkaline solution are usually necessary 
to retain optical purity. 


If the ester of an amino acid or peptide is used as the amine component, 
the ester group must ultimately be removed. Although saponification is 
commonly employed, the ester group may be removed without recourse 
to alkaline media. Esters such as methyl and ethyl uiU undergo hydrolysis 
in aqueous hydrochloric or hydrobroroic ae,d. »•» and esters such as 
benzyl t-butyl, and cyelopeniyl will undergo alkyl-oxygen fission with 
anhjdrou, h.bgm B.nayl eiten are al.o convarted to the 


acids by hydrogcnolysis. j , . 

Several instances have been cited whet* a mixed a-acylammo anhydride 
will«act with the ester of an ammo acid and not with the sodium salt, 
or vice versa Thus the miied anhydride from tritylglyome and ethyl 
chlorotormala reaal. wuh Mhyl glyain*^ ^ g.v. ethyl tr.tylgl,cylg,yri„. 
ata la 03% yield, but the «iaa anhydride doe. not reaet with an aqneooa 
dloaana eolation ot .odium glyeinate to gi.a the t,ii,ldip.p,ij. , The 
acid chloride of tJ.tormyl S^ J'melbyl'b'aaoMin..4.e,rboayl,o ..y 
could not bo formed, but the mined anhydnde «,th carbonic acid acyl.tcd 
methyl glyeinate in the normal m.nnm> but failed to 

glyeinate.” The ml.ed anhydride of formylgl,c.„, 

formate acylaled p-amlnobenroic aeid in « /. jueld but nac.d with ethyl 
n-.mmoben.o.te to glee the nrelhan in M /. yrtd.i. The* 
attributed to the abnormal beb.mor ot the „,„d a„h,d,y^ 
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the cation C 2 H 5 O 2 C® instead of the expected cation HCONHCHjCO® . 
The assumption that the reaction proceeds through an acyl carbonium 
intermediate does not explain its abnormal course. The solvent may 
play an important role in determining which way a mixed anhydride will 
react.^>'*>® 

Racemization 

Greenstein®® has calculated the probability that all the amino acid 
residues in a peptide of n residues are of a single optical configuration 
Avhen the starting material is of various degrees of optical purity, For a 
decapcptide, the probability is 0.90 if 1% of optical enantiomorph is 
present in each starting amino acid, and 0.35 if 10% of enantiomorph is 
present. Since racemization likewise leads to introduction of the optical 
enantiomorph, it is apparent that even 5% racemization at each step is 
intolerable for the synthesis of higher peptides. 

Compounds that possess the structural unit — CONHCHRCOX may 
undergo racemization as shown below. 


H— N— CHR 

1 

— C CO • 
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N- 


-CHR 


-OB 


— ux 


C 


CO 


— H+ 


H+ 


±— c 


o 
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co- 


Racemization of a-acylamino acids via mixed anhydrides (of acetic 
acid) and azlactones (oxazolones) has been reviewed.®^ The nature of X 
has a considerable influence on the extent of racemization, but data are 
not available to make a comparison among the various anhydrides. The 
azide (X = N 3 ) is remarkably resistant to racemization,®*’-®® and it 
is probably unique among mixed anhydrides in this respect. Thiol 
esters are relatively resistant to attack by alkoxide ion but are readily 
aminolyzed. Thus carbobenzyloxyglycyl-L-leucyl thiophenolate and 
sodium glycinate in aqueous tetrahydrofuran gave the carbobenzyloxy 
tripeptide with retention of activity in 70% yield.®® However, the 
p-nitrophenyl thiol ester of carbobenzyloxyglycyl-L-alanine reacted with 
L-phenylalanylglycine in aqueous dioxane to give a product containing 
70% of the LL form and 30% of the dl form.®® 

Amino acids other than serine, threonine, or cysteine in which the 
amino group is protected by a carbalkoxyl, phthaloyl, p-toluenesulfonyl, 

** OreenHtein, in Atlvnnce^ in Protein Chemistry, 'Vo\. 9, p. 190. Academic Preg3, New York, 
1954. 

Neubergor. in Advances in Protean Chemistry, Vol. 4, p. 356, Academic Press. New York. 
1948. 

North and Young, Chem. ct* Ind. {fsrndon), 1955, 1597. 

>* Springall. Xature, 175. 1117 (1955). 

** Wiiilftml and Heinkc, Ann.^ 615, 184 (1958). 

Farrington, Ilextall, Kennor, and Turner, J, Chem. Soc.t 1957, 1407. 
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or trityl group are generally not subject to racemization. However, 
all acyl peptides except those with a terminal carboxy group in a glycine, 
prolme. or hydroxyprolme residue may be racemized during anhydride 
formation In the ethyl ester of carbobenzyloxy D-serylglycyl-L-alanine, 
the seryl residue is almost completely racemized in aqueous methanol in 
the presence of trietliylamine at room temperature.*’ 

The rate of racemization usually increases as the time and temperature 
for anhydride formation are increased, but the most important factor is 
the nature of the solvent. Racemization is reduced in non-polar solvents 
and in the absence of base.* With tt-acylaminoacyl alkyl carbonates, 
tetrahydrofuran and toluene arc particularly good solvents for dimmishmg 
the rate of racemization whereas chloroform" and dimethylformamide" 


are poor in this respect. Chloroform and dimethylformamide may 
dissolve the tnethylamine hydrochloride formed during the preparation 
of the anhydride, and this salt may influence the rate of racemization 
If this assumption is correct, tnbutylamine hydrochloride, which is 
soluble m many organic solvents, should increase the rate of racemization 
with benzene as the solvent. If the tnethylamine hydrochloride is a 
major factor in causing racemization. it may prove advantageous to 
choose a different tertiary amine, or to select a different method of remov- 
ing hydrogen chloride from the reaction mixture. The free base, or a 
salt of the a-amino acid ester other than the hydrochloride, might be used. 

Several physical methods have been utdized to determine the extent 
of racemization Acetyl-t-leucine has been coupled with ethyl glycinate 
by a variety of procedures »» Because the optically pure product has a 
relatively high rotation, roUtion can be used as a criterion of purity. A 
test that permits detection of less than 0«% racemization involves the 
acylation of ethyl glycinate with carbobenzyloxyglycyl-L-phenylalanme 
and subsequent fractional crystallization of the product." Counter- 
current distribution may be used to separate the optical isomers 

Enzymic methods have proved quite satisfoctory for detecting racemi- 
zation The enzymes used are specific for hydrofysis of peptide bonds in 
which the newly liberated carboxyl groups are associated with a-ammo 
acid residues of the L configuration." Histidylphenylalanylarginyl- 
trvptophylglycine was synthesized from L-amino acids using N.N'- 
dicyclohexylcarbodiimide for the coupling reagent." Treatment of the 
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pentapeptide with trypsin resulted in the formation of histidylphenyl- 
alanylarginine and tryptophjdglycine together with much unhydrolj'7;ed 
material as shoum by paper chromatograms. Onl^^ 37% of the penta- 
peptide was cleaved. The enzyme leucine aminopeptidase gave histidine, 
phenylalanine, arginine, tryptophan, and glycine in the molar ratios 
1;1:0.4:0.4;0.4. Thus both enzymic methods indicated that only about 
40% of the all-L isomer was pre.sent. Leucine aminopeptidase was also 
used to demonstrate that the octapeptidc occupying positions 6 to 13 of 
the ACTH molecule has been synthesized without racemization.^® 

The optical purity of eight tripeptides of D- and T-valine, prepared by 
the dicyclohexylcarbodiimidc procedure, was demonstrated through the 
use of a microbiological assay for L-valine.'*® 

Racemization can be avoided by condensing a carbalkylox 3 ' (or 
phthaloyl, tosyl, or tritj’l)amino acid with a peptide so as to lengthen the 
chain by one amino acid at a time. By this method histidjdphenyl- 
alanylarginyltryptophylglj'cine was synthesized using dicyclohexyl- 
carbodiimide to form most of the peptide bonds.^’ The product was 
completely hydrolyzed by trypsin to hi-stid^dphenylalanylarginine and 
tryjotophylglycine; chjnnotrypsin gave histidylphenylalanine, arginyl- 
tryptophan, and glycine. 

Coupling of larger peptide fragments at a glycine or proline residue, or 
synthesis through the azide, also avoids racemization. 

No systematic study of the effect of the a-amino acid side chain on the 
rate of racemization has appeared. 

BIS-(a-ACYLAMINOACYL)GARBONATES 

Carbobenzyloxyglycine reacts with phosgene in the presence of a 
tertiary base in an inert solvent to give a mixed anhydride which, when 
condensed with glycine, gave carbobenzyloxyglycylglycine in 40% over-all 
yield.^® The proposed pathway is sho^vn in the accompanying equations. 

2 CcHjCHjOCONHCHjC 02 H + 2NE3 + COClj 

(C.HjCHjOCONHCHjCOOjCO -f 2R3NHCI 
IV 

IV -► (CjHsCHjOCONHCHjCOjjO -f COj 
|h,nch,co,h 

CjHiiCHjOCONHCHjCOISrHCHjCOjH -f CeHjCHjOCONHCHjCOjH 

Bowsonnas, Guttmann, Huguenin, Jag;uenot]d, and Sandrin, Helv. Chim. Acta, 41, 1867 
(1958). 

Schankman and Schvo, Am. Cfiem.Soc., 80, 1164 (1968). 

Schwyzer and Li, Nature, 182, 1669 (2958). 

** Wieland and Bernhard, Ann, 572, 190 (1951). 
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The j-iehls could possibl3' be improved by operating at temperatures 
below lero, but the method would still be less convenient than others that 
are available 


S-AC3XAMINOACYX CIILOROCARDONATES 
A mixed anhjdndc of X-beiMyl-DL-aspartic acid and phosgene was 
reported to have the structure V *• This proposed structure seems open 


t’H,CO,II 

t + roci, 

c,ir,cn,NHCiico,n 


cn,co,n 

I 

C.!I,Cn,XIICHCOOCOCl 


+ HCl 


to considerable doubt since its formation would imply that- (1) a basic 
amine fails to react with the hydrogen chloride which is formed as a 
by-product, (2) the ammo group is not acylated by an active acylatmg 
group in the same molecule. (3) excess phosgene fails to react with an 
available carboxyl group, and (4) both an acid and an anhydride coexist 
without reacting to liberate hydrogen chloride even though a base is 
present end the reaction product is in solution. The presumed mixed 
anhydnde has been used to prepare both alpha end beta amides” and 


peptides 

Reaction of N-bcruyl-DL-^-aroinobutyricacid with phosgene in dioxane 
at 60* was reported to give the mixed anhydride Vl.« This structure is 
unlikely for some of the reasons just cited against the formation of a 
compound of structure V. 


CH ciicn,coococi C,H,CH,OCONIICU,COOCOC1 

I 

NHCO.C.H, 

VI 


Carbobenzylonylglycine rracta mtt phojgene at -70’ to give th. 
mixed anhydnde VII This decomposes at —5® to give the symmetrical 
caabobenayloaygly™ anbyJnda Hoaa,™., at -70' m pj^idine 
carbobenzyloxyglycyl cblorocarbonate (VII) is more stable and has been 
used to acylate a phez»bc hydroxyl group” Presumably peptide 
syntheses could also be earned out at —70® 


Li« 

Bi' 


»nd Zillih®. } Am C»n» Sat . 70, J«98 (1951) 

CAra Soc . 78. 3069 (1966) 
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a-ACYLAMINOAC\X AI.KVL CARBONATES 

The most widely used of the newer synthetic mctliods for forming a 
peptide bond involves a mixed carbonic-carboxjdic acid anhydride and 
was developed in 1951 simultaneously in three different laboratories.^^’ 
Essentially the method consists of the formation of a mixed anhj-dridc 
by the reaction of a tertiary amino salt of an a-acylamino acid or peptide 
with an alkyl chloroformate in an indifferent .solvent at a low temperature. 
To thLs solution of mixed anhydride the amino acid or peptide ester that 
is to be acylated is then added. Lsolation of the mixed anhj'dride is not 
necessarj' or even desirable, although it may be separated from the by- 
product ammonium salt. Thtis treatment of dicarbobcnzyloxj'-L-lj’sine 
in toluene with triethylaminc and isobutjd chloroformate gives the mixed 
anhydride VUI which reacts uith ethyl valinate to give ethyl dicarbo- 
benzyloxy-L-lysyl-L-valinate in 81 % 3 ’ield.^' 

CbzoNH(CH.),CH(NHCb7.o)COjH -f (C.HJjN -f CICO.C«n,-i — 
(Cb?/i'.C,H,Cn,OCO— ) 

CbzoNH(CHj)4CH{NHCb7.o)COOCO.C|H,-i -b (CjHj)jNHa 

VUI 

VIII + (CHjliCHCHtNHjlCOjCjUj-* 

CTDZoNH(CH,),CH(NHCbzo)CONHCHCO.C.Hj -f- CO, -f i-CiHjOH 

I ■ ■ 

CHccn,), 

The appeal of this method comes from the facts that it employ’s readily 
available reagents, is simple and rapid, maj’ be run at low temperatures, 
and gives bj’-products that are ordinarily’ easy to separate. 

Scope and Limitations 

The Amine Component. Any amino acid or peptide derivative 
having a free primary amino group maj’ serve as the amine component. 
Secondary amines tend to react to give urethans. Poor results have 
been obtained in the acylation of sarcosine^® and proline (both the acid 
and the ethyl ester),^° and in the preparation of other N-substituted 
peptide linkages. However, in certain cases proline gives good results. 
Thus carbobenzyloxy-ir-alanjd-L-phenylalanine, after conversion to the 
mixed carbonic anhydride, coupled with methvl i.-prolyl-i.-leucinate in 
79% yield.'^® 

** Bomsonnas, Helv. Chim. Acta^ 34, 874 (1951). 

“ Boifi.'jonnas, Arufew. Chem., 63, 194 (1951). 

Vaughan, J. Am. Chem. Soc.^ 73, 3547 (1951). 

Vaughan and Eichler, J. Am. Cftem. Soc., 75, 5550 (1953). 

Leister and Tarbell, J. Org. Chem., 23, 1152 (1958). 

** Rydon and Smith, J. Chem. Soc., 1956, 3642. 

« Oertal, Angew. Chem., 70, 51 (1958). 
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The copper complex of lysine has been used to protect the a-amino 
group, while the «-amino group was acylated by carbobenzyloxyamino 
acid ethyl carbonates *' 

The synthesis of peptide intermediates in which a hydroxy amino acid 
b the amine component usually presents no special difficulties. However, 
the use of 2 moles of serine per mole of mixed anhydride b recommended 
to minimize side reactions with the hydroxyl group.** 0-Acyl derivatives 
of senne which are of interest in the synthesw of azasenne may be prepared 
from a carbonic acid mixed anhydride and an N-protected senne.**-** 
The reaction of tntylglycme with N-tntyl-DL-serme gives a quantitative 
yield of crude 0-{N-tntylg!ycyl)-N-trityl-DL-serine.‘* 

When the protecting groups are removed from peptide intermediates, 
acyl migration from oxygen to mtrogen (or vice versa) may occur when 
non N-termiiial aeryl or threonyl residues are present.** An example b 
shoivn in the accompanying reaction. An observation in thb laboratory 

n,NCIIRCOOCH,CU<NlI,)CO,n 3=^ H,NCnRCONHCH(CH,OH)CO,H 

regarding this well-known reaction deserves comment. When an N. 
carbobenzyloxyaminoacyl serine or threonine b treated with hydrogen 
bromide in nitromethane,** the N-dipepUde hydrobromide usuaUy 
precipitatea as soon as it is formed and prevents rearrangement to the 
O-dipeptide. On the other hand, the use of hydrogen bromide in glacial 
acetic acid** results in rearrangement and the 0-dipeptide may be bolated. 
To avoid the nsk of deamidation of asparagine or glutamine peptides in a 
subsequent ester saponiflcation, the sodium salt of asparagine or glut- 
amine may be used in place of the corresponding ester in the synthesis 
although the yields of product are then lower** 

Neutral Amino Acids. Glycme, alanine, valine, leucine, boleucine, 
methionme, S-benzylcystcine, prolme. phenylalanine, and tryptophan 
present no special difficulties in thb reaction. Yields of recrystallized 
materials are usuaUy about 70-80% Carbobenzyloxy-o-alanine, how- 
ever as the mixed anhydride with isobutyl chloroformste reacts with 
ethyl L-alaninate to form a dipeptide mtermediate in only a very low 
yield** Halogenated, nitrated, unsaturated, or otherwise modified 
neutral amino acids may be einp!<^. It » *iot necessary for the amine 


Theodoropoulos. .7 O--? S3, 140 0958) 

Moom Dick Nicolaidee. Werttand. »nd WillJe. J Am . 76. Z»S4, 28»i 
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Alb.rt.anaL McKay../ Am Cfcm. 75. 63S3 (19S31. 

Albert.cn anna cw . 7. 173 (1954) JO A , 49, 6832 (1955)]. 

Leacnann Lm /■ j Soe.Tt. 6054 (1934) 
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Mixed carbonic anhydrides of pantotlienic acid have been used to form 
amides.’*"” These mixed anhydrides iOnstrate a type m which the acid 
contams primary and secondary hydroxyl groups. Of particular mterest 
is the synthesis of benzoylpantethcin The mixed anhydride IX of 
triethylammonium pantothenate and ethyl chlorocarbonate reacts with 
ethylene imme to form pantothenylethylMie imine (X), which is converted 
by means of thiobenzoio aad to bensoylpantethein (XI). 
HOCH,C(CH,),CHOHCONHCe,CH,CO,U + (C,H»>,N + C1C0,C,H, 

BCOOCOjCtUi + (C,H,),NHC1 

CH, cn, 

/I 

IX + iiN I + ncoN +[(C,u,),NH]®e[oco,c,n,] 

OH, * 

(B la IX 4a4 X - HOCH,C(CHA,CnOHCOSHCH,CH,C01 

|c.n,cosH 

HOCHtC(CH,),CHOHCONHCH,Cn,CONHCH,CH,SCOCin, 


Tyrosine. The presence of a phenolic group in the acid usually 
interferes with mixed anhydride formation since the phenolic group 
reacts with the alkyl chloroformate. Salicyhcacid provides one example,” 
and carbobenzyloxytyrosinc another.** It is necessary to block the 
phenolic group in tyrosine to obtain satisfactory results;*^ tosyl,»‘ 
carbobenzyloxy,'* and acetyl** derivatives have been used. On the other 
hand, no blocking is necessary with carbobenzyloxy-S-benzyl-L-eystcinyl- 
L-tyrosine. The mixed anhydride with ethyl chloroformate is formed, 
and it couples with the methyl esters of leucine, vahne. phenylalanine,** 
or isoleucine“ m 60-75% yields. Likewise, both N-tosyl-S-benzyl- 
L-cysteinyl-L-tyrosine'* and N-carbobenzyloxy-S-benzyl n-cystcinyl-L- 
tyrosine*’.*' react as the anhydride with isobutyl chloroformate with 
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l^plK-nylalnnyl-l^glutomiiiyl-E-asjiarngiiie to give yields of cnide 

product. The nnalogons anliydride of X-tO'yi-S-henz^d'L-ry.steinyl-L- 
lyrosyl-i^-j)lienylalaninf; gi\'es the p.-ptide v.if !i i.-glntan)inyl-iy-asparagimd- 
S-bcnxyl-c-cy.-^teinc in d(t% yi^'ld.'’* Ik'catise llie presence of .S-l)en7,yl-iy- 
cy.stoinc adjacent to tlic tyrosine rc'^iduo may reduce tiie reactivity of tlie 
phenolic liydroxyl group, it is tinnccc^san,' to jirotect it. 

Basic Amino Acids. If hotii amino groups of lysine are protected, 
there is no difficulty in coupling h-.sine througli a mixed anhydride 
with other amino acids. Tiie tr^e of a-X-carhohenzylo.xy-ira-henzyl- 
i.-hi.stidine* failed hccau.ce of the insoluhility of it,« triethylam- 
monium f-alt.^^ However, witli tiie .‘•■ame base dicarhoben7.3doxy-i.- 
liLstidine^’-’^ and dicarboc_vclopent\do,xy-i.-hi.stidinc gave the mixed 
anhj-dride.’^ 

Blocking the guanido group of arginine througli formation of the 
w-nitro derivative permits the formation of 7.-X-carhoben7.\do.x3--w-nitro 
j>arginj’l eth^d carbonate \nth no difficultv.^' The h\-dra 7 .idc or acid 
chloride could not be prepared from y.-X'-carboben7\dox3'-w-nitrO'l/- 
arginine.* The mixed anh_vdride of a-X-p-nitrocarbobenzjdoxv'-w-nitro- 
L-arginine and etiud chlorocarbonate has also been used to prepare arginine 
peptide.s.‘^ 

The protection of the guanido group of arginine by percarbobenzjd- 
oxjdation has recently been accompli.sbed.*^.''* The re.sulting tricarbo- 
benr-jdoxj'-L-arginine (precise .structure unknown) was converted to the 
mixed anhj'dride with ethjd chloroformate and used for peptide s^mthe-ses. 
Benzyl tricarboben7.}dox3'-i^-arginjd-w-X-carbQben7-\dox\'-i.-argininafewa.s 
prepared in 73% j’ield, but for its isolation it was neces.sary to wash rrith 
aqueou.s triethylamine to remove tricarbobenzjdo.xj’-i.-arglnine, rather 
than with aqueou.s carbonate or bicarbonate becau.se of the high solubility 
of the .sodium or potassium salts of tricarbobenzylox\'-L-arginine in 
chloroform and the relativelj' low solubility in water. 

The use of the mixed carbonic anhydride of guanidoacctic acid to 
prepare the peptide XII in 10% jdeld ha.s been reported.*^ 


” Kat^oyarmw, Gwh, an/J du Vigricaud, •/. Am, Chtm. A’-x., 80, 2558 
* Th*i im indjcaUr« rub«rlitutiori on the imidazohj ring. The conv^mijon folJov.'g the 

nomc'TJclature hy V/icland in ref, 220 (vro p. 20H). 

** WinU/r^U/m, H^-gedUs, Fust, eud Studer, //e/r. Chxm. Actn, 29, 233 (1930). 

** AkAbori, Okavra, and fiakiyama, Unture, 181 , 772 (195%). 

*'•' ratchf/rriik, Eerg*ir» and KaUrhabki, «/- Am, Soc,, 79, G4I0 (1957), 

** Hofmann, P.hain^n*, and Peckfiam, J, Am, Cfiem, Soc., 75, 60&3 (1953). 

•* V>Hrv: and Pichc*, J'- Org. 21, (195C)- 

Zorva«, Vrinitz, and Greenttejn, Arch. Btoch^m. Bvyphyf., 65, 573 (1950). 

** Zor/a.?, Wjnilz, and J. Org. Chtm., 22, 1515 (1957). 

“ Vt'cl*-?, Vt'ftbb, and Smith, J, Am. 79, 1200 (1957)- 



SYNTHESIS OF PEPTIDES WITH MIXED ANHYDRIDES 


177 


H,NCNHCHjCONH, 


^^Ji^ONUji j| 

Cn, ^ .Jlx)NHCH,CH,CONn, 


Acidic Amino Acids and Their Amides. Conflicting claims appear 
in the early literature dealmg with aspartic and glutamic acid peptides. 
The newer techniques of paper chromatography and countercurrent 
distribution show that when it is possible for a reaction to proceed by 
way of an acylglutarnio add anhydride or imide a mixture of products 
will be obtained, although either the * or <u isomer may predominate. 
Even the reaction of the azide derived from carbobenzyloxy-L-glutamic 
acid-y-hydrazide with ammo acid esters leads to a mixture of 
isomers.**' The mixed carbonic carboxylic anhydride method, 
however, applied to mono esters of acyl-L-glutsmic acids gives homo- 
geneous products.**'”'*®*'*** 

It has been suggested that where yield is not an important factor 
peptides of acylglutaroie acids may be conveniently prepared by the use 
of one equivalent of both ethyl chloroformate ajid triethylamiae. The 
mixture of a and y peptides which results may be separated by counter- 
current distribution or by fractional extraction or precipitation. 

Acylglutamic acid amides of structure XIII were readily eyclized to the 
iraides XIV with thionyl chlmide and pyridine. Dilute alkali converts 
the imides XIV to the isomme acids XV. Ring opening of XIV m the 
opposite direction occurs if the KjCO group is replaced by a trity group. 
This may be due to steric factors Thus diethyl trityl-y-L glutamyl- 
glycine gives, on saponification, tntyl-a-L-glutamylglyeine. ' it 

thionyl ehlonde at 0% N-benzoyl-a-DL-gluUmylglycine a-hexylamide 

(XIII, Rj = C,H„ R, = CH^XHC,H„->») eyclized to the acyJpynoh- 
done XVI, whereas the corresponding mixed carbonic anliydritlo eye z 
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in the opposite direction to give DL-a-benzamidoglutaroylglycine n- 
hexylamide (XIV; R, = CH2CONHC6Hi3-7i).“5 


CHj 

/ \ 

00 CHj 

1 i 

BiCN OHCONHEj 

II 

O 

xn xni 

CHj 

/ \ 

CHj CO 

I I 

BjCONHCH ATRj 

\ / 

CO 

XIV 


COjH 

1 

(CH2)j 

I 

BiCOBHCHCONHEj 


CONHB, 

1 

(CH.)2 

EiCONHCHCOjH 

XV 


The acyl isoglutaroine derivatives XHI cychze “extremely easily” to 
the imides XTV,® for example vith acetic anhydride.^®® Hydrolysis of 
the imides XTV leads to mixtures of isomeric acids XTTT and 
Such results support the statement that glutamine gives unsatisfactory 
results "with the alkyl carbonic anhydride method.^^ However, the ethyl 
chloroformate mixed anhydride of carbobenzyloxy-L-glutamine couples 
with i/-asparaginyl-S-beiizyl-L-cysteme methyl ester to give a 72% yield 
of product®^ and ^vith other amino acid and peptide esters in yields of 
56-63%.®^ The first coupling reaction was carried out also with the 
anhydride from sec-butyl chloroformate.^®" 

Results with aspartic acid parallel those with glutamic acid. Both 
the acyl anhydride^®® and the imide®*-*®*’^®® of aspartic acid may open 
to give a mixture of a. and f} isomers; consequently syntheses must be 
designed to avoid these intermediates. The mono ester of an acylaspartic 
acid can be used for the synthesis of peptides. The resulting y5-alkyl 
acylaspartyl peptide, however, is very unstable to alkali and is readily 
converted to the corresponding imide.^®’^ Benzoyl-n-isoasparagine ethyl 
ester (XVH) was converted through the intermediate imide XVXII to a 
mixture of benzoyl-L-asparagine (XIX) and benzoyl-n-isoasparagiae (XX) 

Battersby and Robin-^on, J, Chem. Soc., 1956, 2076. 

Kovaks, 3Iedzihradszky, and Bruckner, Acta Chxm. Acad. Sc\. Hung., 6, 183 (1955) 
£C^., 50, 11245 (1956)3- 

Rudinger, HonzI, and Zaorak Collection Czeehotlov. Chem. Communs., 21, 202 (1956). 
Published in Czech, in Chem. lAely., 50, 288 (1956) \C.A., 50, 12S26 (1956)]. 

ReQuesne and Young, J. Chem. Soc., 1952, 24, 

Eondheimer and Holley, Haiure, 173, 773 (1954); cZ.J.Am. Chem.Soc., 76, 2467 (1954). 
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by the u«e of either aqueous oodiuin hydroxide or warm 0.2X aqueous 
aodium carbonate It h apparent that the coupling of an aeylaspartic 

C.HjCO.VHCHCOXlI, — fcjIiCONIirilCONn 1 

I I 

cn,co,c,ii» L cn,co,c,uJ 


c,ir,coMicnco,ii 


c.H.coxiicncoNir, c,u,coNncnco 

hi I \ 

cir,co,ii — N. 


or aeylglutamic acid with an amino acid or peptide in basic solution by 
any anhydndo procedure may lead to rearranged products. If the 
coupling with an amino acid ester or peptide ester is performed in neutral 
solution, the normal product may be expected. However, saponificatioD 
of ester groups may be accompanied by rearrangement. 

The mixed carbonic anhydride procedure has faded for some workers” 
for the preparation of asparaginyl peptides, whereas others have reported 
successful results with yields up to about C0%. The carbobenzyloxy-L- 
•.p.rsgino mi„d .nhydnde «illi Mhyl chioiofonoale h» been coupled 
.ith methyl In 22% yield and uith ethyl Metylglyclnate to 

9% yield.““ Carbobcnzyloxy-L-aaparaginyt-S-benayl-L-cyateine methyl 

eater .a. prepaid In .««ntially the eame yield by the mixed eatbon.to 
{S2"/,) xnd phoaphotato' mathod (56?4) The earbobeniyloxy.n. 
glul.myl.L...p.raginc mixed anhydride anth «e.bulyl eh Wonnate wa. 
eoupled ndth S-benzyl-L-cyateine methyi eater in 47 /. yield. With the 
latter two peptide, it ha. been ahonm that dehydration of the amide bond 
of asparagine to the nitrile oceuia to an appreciabie extent when the 
pyrophosphite or d.cydohexylearhodnniide method la employed, but it 
ia not obaerred with the mixed carbonic anhydride procedure. 

Side Reactions 

Dlaproportlonatlon. The firel aid. reimlion ob.ereed to the n.e 
of mixed anhydridea of o-miylammo ae.da and aftjl oarbonale. wa. 
diaproportionation •' Since the aymmetncal anhydride can acjlato only 
2R.CONncnn,COOCO,R.-* IH.CO.'IBOHK.COI.O + (R.OI.OO + CO. 
half a, much amine aa can the mmed carbonie anhydride, diaproportiona- 
... e,e.h...adwh.t.wa. X x« oa™ aw.rr.raoiieas) 

■ Th. pl,..ph.,..o ..i».e 1-^ W <i.Ud«i«.d. -d ......k.w s.. dw-. 

CAem . 62. 538 (1950). <ltin 680,es(l»SS) 
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ion o \iouslj results in decrcnscd yield. Disproportionntion is favored 
a ong reaction time in the anhydridc-forining step. Cnrbobcnzjd- 
JC} gli'clnc -was converted to carbobcnzylo.xyglycylglycinc 
anhydride when it was allowed to react for C5 minutes with benzyl 
cbloroformatc in dietbylfonnamide, but gave the ini.xod anhydride when 
reaction time vas decreased to 5 minutes.^” Low reaction tempera- 
iires le.ssen disproportionation.^ It has been suggested that liberation 
01 carbon dioxide during the preparation of the mixed anhydride indicates 
isproportionation, but tins is not always true since carbon dioxide is also 

y pro net of a modified Dakin-West reaction as noted in the next 
section. 

Ester Formation. In some reactions esters were isolated as by- 
I ® len ac 3 'lamino carboxj^lic alk}'! carbonat-cs were cmplo 3 ’^ed to 
3 G amines. The esters were considered to have been formed by the 
loss of carbon dioxide from the mixed anhydride.'*^ 


RiCONHCHRjCOOCOjR, -V RiCONHCHRjCOjRj -f COj 

mi^ed anhydride reacts 

1 1 the alcohol iberated during amide formation. However, the forma- 
nfni ° ^ presence of a primary or secondary amine b}’- acylation 

5 elSformlSon """ great amount 


RiCONHCHRjCOOCOjRj -)- HNR^Rj-^ 

RiCONHCHRjCONR^Rj -f R-OH -f CO. 
RiCONHCHRjCOOCOjR, -f R3OH -V 

RiCONHCHRjCOjRj -t- R3OH + CO2 

Where azlactone formation is possible, another pathway for ester 
lormation is open. Hippuric acid reacts with ethyl chloroformate in the 
presence of tnethylamine to give ethyl hippurate and carbon dioxide. 
Since, in the presence of benzaldehyd'e at 0°, 2.phenyl-4-benzy]idenoxazol- 
5-one was obtained in 1 1 % yield in addition to ethyl hippurate, the reaction 
vas assumed to proceed via the mixed carbonic anhydride XXI and the 
azlactone XXII^i2 In this instance no amine was present to react with 
the mixed anhydride. (See equations on p. 181.) 

Still another method of formation of esters is possible. The addition 
o the sodium salt or ester of an amino acid to the mixed anhydride 
formed from phenylacetic acid and isobutyl chloroformate failed to 
result in any amide formation but gave instead an excellent yield of 
isobutyl phenylacetate.113 This product may be explained as the result 

»■ von Brunn-Leubo and Schramm, Chem. Ber., 89, 2045 (1056). 

Set. Research, Ser. A, 5, 728 (1952). 

R. L. Perry and N. F. Albertson. Unpublished results. 
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[C,HjCONHCHsCOj]e[Nir(C,H5y® + aCO,C,Hs-*- 

C^jCONHCHjCOOCOjCjHj + (CjHjlsNHCl 


CjHjCONHCHjCOjCjHi N O + CjHiOH + COj 

\ / 


of a modified Daldn-West reaction m which an ester is formed instead of 
a ketone. The general mechanism proposed by King and McMillan for 
the Dakin-West reaction******* readily accommodates this extension of 
the reaction, although an intramolecular reaction involving a four- 
memhered ring as shown appears more plausible 


C,H,CH,COOCO,B + B- 





1 

C,HjCU,CO,R + CO, + B- 


Diphenylacetic acid, which does not undergo a Dakin-West reaction,*** 
gives an isobutyl carbonate mixed anhydride that readily aeylates amino 
acid eaters with no evidence of ester formation. On the other hand, 
acylamino acids which readily undergo the Dakin-West reaction will 
also form eaters with an alkyl chloroformate in the presence of base. 
Ester formation is not usually a senoua side reaction, when it is, a mixed 
anhydride may be selected that will avoid it. 

An obvious similarity eiisto between the formation of an ester from an 
a-acylamino acid alkyl carbonate via a modified Dakin-West reaction 
and the formation of a peptide derivative from an acylamino acid and a 
carbonyl amino acid eater (isocyanate).*** 

RjCONHCHRjCOjII -I- OCNCHRjCOjCjH, -► 

R,COXIICnR,COOCONHCIIR,CO,C,H, 

XXIII 

XXIII ■ R,CONHCHRAX)NnCHR,CO,C,H, + CO, 

King »nd McMillan, J An C*cm Sac , n, 4911 (I9SI). 

“> King and McMillan. J. Am Ciem iSM. 77. S8I4 (ISSS) 

»• Goldichinidt and Wich. X. . SB, 170 (lOSO). 
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The decomposition of the intermediate XXIII is catalj'zed by 
pyridine, the catalyst used in the original Dakin-West experiments.!!® 
Urethan Formation. Although early investigators failed to report 
any evidence of urethan formation in the reaction of a mixed 
carbonic anhydride with an amine, more extended observations have 
shown that urcthans arc sometimes formed. For example, the reaction 
of N-benzoyl-y9-cthyl-a-DL-aspartyl ethyl carbonate (XXIV) vith glycyl- 
w-hexylamidc gave an 80% yield of the expected dipeptide derivative 
XX.V but also gave the ethyl urethan of glycj’l n-hexylamide (XXW).i®‘ 


O 

/ 

CeHsCONHCHC— O— COC.Hj + H.NR 

! t ■ ■ ■ 

xxiv 


CHjCOjCjHs 

I 

C.HjCONHCHCONHR 

XXV 


RNHCOjCjHs 

XXVI 


This has been interpreted as due either to attack of the amine at the 
carbethoxy carbonyl (route b) or to the presence of unreacted ethyl 
chloroformate which had failed to form mixed anhydride. 

The reaction of forraylglycyl ethyl carbonate with ethyl y-amino- 
benzoate to give the ethyl urethan of ethyl ^j-aminobenzoate in 55% 
yield!® been mentioned previously (p. 164). Extensive urethan 


O 0=0 

II I 

t-CiH,OC C=0 



c=o 


{-04HbOC=O -f- c==o 

J I 

®NH2 o® 


CH, 

I 

o c— o© 


{-CiH,OC® C=0 

\ / 

o 

|enk, 

CH, 

1 ^ 

O — ; C-l^O© 

1^ I 
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Goldschmidt and Kransa, Angew. Chtm., 67, 471 (1955). 
Dakin and West, J, Biol. Chem.f 78, 91, 745 (1928). 



SYNTHESIS OF PEPTIDES WITH MIXED ANHYDRIDES 


183 


formation was noted both in the conplmg of the isobutyl chlorofonnate 
mixed anhydride of 3-acetamidopelai^nic acid with amines**® and in the 
attempted coupling of the mixed anhydrides of pyruvic acid with esters 
of amino acids.** In the latter case, a cyclic intermediate may alter the 
point of attack of the amino acid ester from that which would normally 
be expected. Amides of pyruvic acid may be prepared from the acid and 
amines using phosphorus oxychlonde*** or dicycloheiylcarbodiimide.**® 

In the preparation of higher peptides such as a pentapeptide, the 
condensation of an a-acylamino acid mixed anhydride with a tetrapeptide 
K-ouJd result in a high-moJecular-weight urethan by-product difficult to 
separate from the product, whereas the condensation of an acylamino- 
tetrapeptide mixed anhydride with an amino acid ester would result 
in a low-molecuIar-weight urethan which would be much easier to 
remove.** 

Reactions with the Solvent. Dimethylformamide reacts exothermi- 
cally with ethyl or isobutyl chloroformate to give an essentially 
quantitative yield of carbon dioxide.** Dimethylformamide has such 
unusual solvent properties that it is the favorite solvent for the preparation 
of mixed carbonic anhydrides of more complex products such as sodium 
or potassium benzylpeniciilinate'** (although methylene chlonde is 
preferred when tnethylammonium benxylpenicilJinate is used), sodium 
pantothenate,’*' ”• *** and the amino-nucleoside derived from puromyoin.*** 
Carbobenxyloxypuromycin was prepared in 64% yield from the anhydride 
of cacbobenzyloxy-p-methoxy-L-phenylalanme and ethyl chloroformate 
with the amino-nucleoside in ^methylTormamide, but attempts to prepare 
analogs of puromycin with phthaloylglycine or carbobenzyloxyglyciae 
in the same manner gave poor yields and variable results. 

No change in yield of phthaloylglycylanilide was observed when 
dimethylformamide was used in place of chloroform as a solvent.** 
Phthaloylglycyl-y-aminobenzoic acid appears to form anhydrides with 
both ethyl and isobutyl chloroformates in dimethylformamide, but the 
starting material is recovered unriiaDged after attempted couplings with 
glutamic acid and glycine,** However, the anhydride of carbobenzyloxy- 
L-Ieucyl-L-alanyl-L-valyl-L-phenylalanyJglycine and isobutyl chloro- 
formate reacted with benzyl L-prolinate in dimethylformamide to give a 
60% yield of carbobenzyloxyhexapepUde eater.*** Pantetheine also was 
prepared in 50% yield from the mixed anhydride obtamed by treating 


nd Hemke, C^dm , I 


: (1SS7). 


184 


ORGANIC REACTIONS 


a suspension of sodium pantothenate in dimethylformamide with ethyl 
chlorofonnate.’^ 

Reactions in dimethylformamide involve the competition between 
anhydride formation and decomposition of the alkyl chloroformate, and 
yields will probably depend upon the rate at which the acid reacts to form 
the anhydride. Difficulty in using dimethylformamide as a solvent would 
be anticipated only for those acids which react relatively slowly to form 
mixed anhydrides. 

Reactions with Tertiary Bases, Chloroformates react vith tertiary 
bases to give products which include carbon dioxide, quaternary salts, 
and the tertiary base hydrochloride.^*^ This reaction is normally slow 
enough so that it causes no interference vdth the anhydride-forming step. 
However, ethyl chloroformate appears to react faster with triethylamine 
than with anions of hindered acids such as tritylvaline or trityUeucine. 
Although it was assumed that these tritylamino acids were converted to 
mixed anhydrides in benzene with ethyl chloroformate (because of the 
formation of triethylamine hydrochloride), the products failed to react 
with methylaniline or glycine ester even when heated for 1 hour on a water 
bath.® However, mixed anhydrides of tritylamino acids and dicyclo- 
hexylcarbodiimide react to form peptides in satisfactory yields.*^' 
Thus the formation of triethylamine hydrochloride should not be inter- 
X)reted as proof that anhydride formation has occurred. 

Aziactone Formation. Reaction of 2-phenylacetamidoacrylic acid 
(XXVII) vith ethyl chloroformate in chloroform at — 18° followed by 
the addition of aniline gave a 9% yield of the anilide XXVHI; the 
pseudo-azlactone XXIX was the major product.^** Since the pseudo- 


CHj=CCOjH 

NHCOCH^CeHs 

XXYII 


4- ClCOjCaHs 


(C.H.jjN 


CH2=CC0NHC6H5 

I 

NHCOCHsCeHs 

XXVIII 


H3CC CO 

N O 

\ / 

C 

OHCeHs 

XXIX 


aziactone XXIX does not react with aniline, it was concluded that both 
the anilide XXVIII and the pseudo-azlactone XXIX were derived from 
the mixed carboxylic carbonic anhydride, but that cyclization of the 

*** H. T. Nagasawa, Dissertation Abstr., 16, 1803 (1956): Dissertation, IJniv. of Minnesota. 
Gerrard and Schild, Chem. d- Ind. {London), 1954, 1232. 

Brenner and Bufenaoht, Helv. Chim. Acta, 37, 203 (1954), 
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niixcHl anhjiincic to the pacudo-azlactonc wa< very rapid. Other a,^. 
iin.vitiirnted a-acylAmino aejtU XXX readily gave arlnctoncs XXXI. It 


\ cico^.H, 

r=a’0,U 5^ 

^ j 

It, NllCOlt, 1 

XXX 


\ 

c=c c=o 

/ I I 


Ri 

XlXl 

R, - cil,«r.ll, B, - R.>CII,<>rR, . C.II,. B, - II 
hM been augge^teil that amide bond formation via mixed carboxylic 
carbonic anhydndea may proceed partly via ailaetones.'*’ 

When a solution of hippiiric acid in acetone at —10’ vas treated uith 
tricthylnminG and uobutyl chlorofomiate and an aqueous solution of 
etliyl glycinato n<Ide<l 30 miniitca later, 35% of the hippurio acid was 
laolateil as 3'phcnyl-4-Lv>propylidene-5>oxazolone. It hss also found, as 
expected on the basis of Bcrgmann’e aork,“* that chloroaectyl-DL. 
phenylalanine uas readily converted by isobutyl chloroformate to 
2-nietliyl4-bentat-5-oxatolonc.'* Thus by-products may be anticipated 
Mlien rhloroacetylamino sekts ore used to prepare mixed anhydrides. 

DIacylatlon. The mixed anhydride of csrbobensyloxyglyeine and 
ethyl chloroformate reacts uith diethyl uglutamate to give a 36-41% 
yield of diethyl carbobeniyloxyglycyl-L-glutamato and a 17% yield of a 
by-product formulated as XXXII (R » C1I|C0|C|H(), although the 
Cbzo It 

I I 

CbioXHClI,CONCn,CONHICHCO,C,H, 

XXAll 

jwssibility that both carbobenzyloxyglycyl groups are on the nitrogen 
atom of diethyl glutamate has not been entirely excluded *** However, 
the same mixed anhydride reacts with ethyl glycinate to give a 30% 
yield of XXXII (R = H) **** Wth excess ethyl glycinate this by- 
product is not obtained. Stenc effects may lessen this side reaction with 
other amino acids Peptide synthesis with phosphorus oxychloride has 
led to similar by-products.*” 

Racemizatlon. Tlie genersl section on racemization at the beginmng 
of this chapter should be consulted 

»• Borgmann. Zervan, and Ldbraeht. Btr , S 4 . 2 SI 6 (ISSII 
i» S.;hclln»hcrg snd Ullrioh. CAon Btr . 92 , 127 S ( 1 SSS| 

'••• Kopple »nd R»nick. J Or} Ciem . 22. 1585 (ISS8) 

Wieland and Heinki- Ann . 589, 70 (ISSS) 
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Racemization occurs wth the mixed carboxj'lic carbonic anhydride 
procedure.*®’ A sample of optically pure £r.-benzoyl-i>lysyl-i/-lysyl-i/- 
lysine was quantitative^ hydrolyzed to 9’.-benzoyI-i/-ly£ine and L-lysyl- 
Lt-lysine by trypsin, whereas the .same benzoyl tiipeptide prepared by the 
isobulyl chloroformate procedure*®* was hydrolyzed to only a small 
extent. Partial racemization also was observed when the mixed anhydride 
prepared trom formyl-l^-phenylalanine and ethyl chloroformate was 
conden-sed with glycine anUide.*®® 

A comparison between the use of the ester of an amino acid and its 
hydrochloride vith triethylamine has been reported.*® Ethyl glycinate 
gave a higher over-all yield of dipeptide (65%) but also more of the Dtr- 
peptide (30% of the total yield) than did ethyl glycinate hydrochloride 
and triethylamine (53% over-all, 17% of the product dl). These results 
are in conflict with those of workers who have used other mixed anhydrides 
and report that the presence of triethylamine hydrochloride leads to 
increased racemization. 

Miscellaneous Uses of a-Acylamino Alkyl Carbonates 

Synthesis of Symmetrical Anhydrides. The formation of sym- 
metrical anhydrides from a-acylamino acid alkyl carbonates is ordinarily 
an undesirable side reaction that results in decreased yields in peptide 
syntheses. In most instances disproportionation of a mixed to a sym- 
metrical anhydride has been inferred to explain carbon dioxide evolution 
and relatively poor yields of peptide. 

Disproportionation is not the best method to prepare symmetrical 
anhydrides from acyl alkyl carbonates because ester formation is an 
important competitive reaction.*®* Heating ethyl benzoyl carbonate in 
ethyl chloroformate under refluxing conditions gave ethyl benzoate and 
benzoic anhydride in a 10:7 ratio.*®® 

In view of the great reactivity of carbonic acid mixed anhydrides with 
compotmds of the type HX (where HX is an acid, amine, alcohol, thiol, 
water, etc.) it is apparent that esters could be formed by a chain reaction. 

ECOOCOiCjHs -i HX ECOX COi CjHsOH 
ECOOCO.CjHs -f CjHiOH— ECOiCjHj COj -h CjHjOH 

If HX is a carboxj’lic acid, ECO 2 H, and is added in stoichiometric amount 
the product, RCOX, will be a symmetrical anhydride. By this method and • 

Erlanger, Sach.?, and Brand, J . Am, Chtm. Soc.-, 76, 180G (1954). 

Berger, and ICatchaUki, Mwrhem.J,, 63, 303 (I95C). 

*** Sheehan and Yang. J, Am. Chem. Soe., 80, 1154 (195B). 

Herzog, Her., 42, 2557 (1909). 

Einhom, Her., 42, 2773 (1003). 
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with diosane as a solvent, phthalojlglycine anhydride was prepared in 93% 
yield and carbobcnzyloxyglycme anhydride in 50% yield. The method 
was also applied to the preparation of symmetrical carbobenzyloxypeptide 
anhydrides including carbobMuyloxyglycylglycine anhydride, which may 
be recrystallized from ethanol withont decomposition. 

The yield of carbobenzyloxyglycine anhydride was increased from 50% 
to 81% by conducting the reaction in water in the presence of one 
equivalent of sodium hydroxide. Addition of water to carbobenzyloxy. 
glycine ethyl carbonate (XXXJII) gave a 25% yield of the anhydride 
XXXIV. This suggests that carbobenzyloxyglycine formed by hydrolysis 

C,H,Gn,OCOXHCH,COOCO,C,H, + C«H,Cg,OCONIICgtCO,Na 
xxxin 

(C,U,CII,0C0KHCn,C0),0 + C,HjOH + NaHCO, 

XXXIV 

of the mixed anhydride reacts faster with the mixed anhydride than either 
anhydride reacts with water. Benzoyl ethyl carbonate reacts with water 
to give benzoic anhydride, carbon dioxide, and ethanol 

Symmetrical anhydndes have been employed m peptide synthesis.^” 
For example, carbobenzyloxyglycine anhydride (XXXIV) reacts with 
glycine in two equivalents of aqueous sodium hydroxide to give a 75% 
yield of carbobenzyloxyglycylglycine (XXXV). In the same manner 

XXXIV + n,Ncn,co,H — 

c,B,cn,ocoNKcn,co.vncH,co,H 4 c,h,ch,oconhch,co,h 

XXXV 

carbobenzyloxy diglycylglycine was prepared in 60% yield and phthal- 
oylglycylglycine in 53% yield. However, phthaloylglycine anhydride 
gave no isolable amounts of phthaloyltriglycylglycine on treatment 
with triglycine. Peptide syntheses by thb procedure have the dis- 
advantage of giving products from which by-products are difficult to 
remove. 

Synthesis of Other Mixed Anhydrides. While reaction of an 
a-acy!amino acid alkyl carbonate with an acid will lead to a new mixed 
anhydride, the reaction is not ordinanly useful in peptide synthesis since 
it adds an extra step , the original mixed anhydride is normally as useful 
as any mixed anhydride derived Itom it would be However, thiol esters 
do possess certain advantages over acyl carbonic anhydrides for some 
purposes (see pp 241-255), and most of the literature on the preparation 


Akimovft and Oa\rilov, ZImr OftrtWkef mUrn . 83. 417 <1951) [f <.. 48. 3904 
Otto and Otto, Brr , Zl, ISIS (ISSS) 


(1954)1 
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Knccmizntion occurn wi(!i tii<' mixed carboxylic carbonic nnlij'dridc 
])roccdur(;.'*"' ’’’ A patnjile of optically jiiirc a'bcn7.oyl-l.-l3'f!yI-i^!3'«yI-i-- 
Ij’oino \niH fiiinntitativclj' Iij'dro!\'zcd to x-hanzoyl-h-lyHioe and L-Iyfi}'!- 
L-Ij’ninc l)j' trvpffin, wlicrcan the name benzoyl tripejitido prepared hy tlie 
i.Hobiitj’l cliloroformute procedure*’- \vnn b^'drol^yzed to onh’ a small 
extent. I’nrtinl rnc(!miznlion also wn« ob'icrx'cd wlien t be mixed nnhj'dridc 
prepared from formjd-i>-j)ben%dalanine and eth\d ebloroformato was 
condensed with f'lj’cine anilide.*” 

A comparison between the use of the e.stcr of an ninino acid and its 
lij'drochloride with trielbv'lamine has been reported.*® Ethyl gl^’cinntc 
gave a higher over-nil jdeld of dipej)tide (05%) but niso more of the nn- 
peptide (({()% of the total j'ield) than did ethyl glj’cinntc hj’drochloridc 
and tricthylnmine (53% over-all, 17% of the jirodiict in,). These results 
are in conflict with those of workeni who have used other mixed nnh^’dridc.s 
and report that the presence of triclhjdnrnine hydrochloride lends to 
increased rncernizalion. 

MiHcellancous Uses of a-Acylatnino Alkyl Carbonates 

Synthesis of Symmetrical Anhydrides. The formation of sj'm- 
mctrical anh.ydrides from a-ncylnmino acid nlkj'l carbonates is ordinarily 
an undesirable side reaction that results in decreased jdelds in peptide 
Byntheses. In most instances rlisproportionation of a mixed to a nym- 
mctrical anhydride has been inferred to «;xplain carbon dioxide evolution 
and relatively poor yields of peptide. 

Disproportionation is not the be.st method to prepare symmetrical 
anhydrides from acyl alkyl carbonates because ester formation is an 
important comjietitivc reaction.*’* Heating ethyl benzoyl carbonate in 
ethyl chloroformatc under refluxing conditions gave ethyl benzoate and 
benzoic anhydride in a 10:7 ratio.*” 

In view of the great reactivity of carbonic acid mixed anhydrides with 
compounds of the type JiX (where HX is an acid, amine, alcohol, thiol, 
water, etc.) it is apparent that esters could be formed by a chain reaction. 

nCOOOOjOiHj -t- HX — KCOX + COj + OjlltOII 
KGOOCOjCyij + GjIftOJI — nCOjGjIIj COj -f- CjITjOII 

If fix is a carboxylic acid, IICO^H, and is added in stoichiometric amount 
the product, ItCOX, will be a symmetrical anhydride. By this method and - 

J'^rJans'.T, and Uraiifl, ./. /Im. O/n-m. 70, IHOfi 

'•> n«r(;ar, and ICaOdialaUi, UvKhrm.J., 03, 308 (100(1). 

Hlaadmn atal ./. Arn. Ohrm, Snc.f 80, 11(54 (15H5H), 

Harzo;., //rr,, 42, 2S67 (11)0!)), 

'« Kinljorn, Jirr., 42, (I ()()!)), 
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The concentration of the peptide necessary to have an equal chance for 
chain formation and for cyclization at the start of the reaction, assuming 
limited association, was calculated from the dimensions of the poly- 
peptide chain The use of a relatively polar solvent such as dimethyl- 
forraamide to lessen the initial association of peptide molecules and the 
use of dilute solution were expected to fiivor cyciization. Initially it was 
found that triglycylglyeine and pcntaglyeylglycine were too insoluble to 
react with ethyl chloroformate. Smee peptides containing different ammo 
acids are generally more soluble than those containing a single ammo 
acid, D-leucylglycylglycme was tried and found to be sufBciently soluble 
m dimethylformamide to react with ethyl chloroformate. Cyclization 
occurred upon the addition of tnbutylammc to give eyclo-(D.leucylgIy 
cylglycyl) m 37% yield The product gave no mnhydrin test and had 
no free ammo or carboxyl group Its solubility in butanol excluded the 
possibility of a long polymer chain That the product might be a hexa- 
peptide appeared to be statistically improbable. 

More recent cychtation studios show that the character of the reaction 
product cannot be calculated on the assumption that chain length and 
dilution alone determine the reaction course Polymentation of N- 
carboxyglycine anhydnde‘« gave cyclo-fhexaglycyJ) as the major cyclic 
product Cyclization of tnglycmc azide, originally assumed to give 

cyclo-ftngbcyl) i*» has beenshoivn to give instead cyclo (hexaglycyl).»*-‘« 

Cyclization of the p-nitrophenyl esters of glycyl-L-leucylglycme and of 

glycyl-L-leucylglycylglycyl-L-le-O-Jglycine gave the same crystalline 

wlohexapeptide,*** It has been shown that doubling is to be expected 
in cyclumg peptides with an odd number of ammo acids An 

excellent summary of the problems of synthesizmg cyclic peptides has 
appeared.**’* 

Experimental Conditions 

Order of Addition of Reactants. In the preferred method of 
synthesis the s-acylamino add is dissolved m an inert solvent in the 
^ f one eouivalent of a tertiary base, the alkyl chloroformate 

SdS to form the mixed anhydride, and then the amine to be acylated is 
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to^hc P^^cparation^/f earbormtes pertains 

via the , nixed 

that a-ketonitrilcs will acvlaff. ^ it has been reported 

■'vould probably be unstable beeiu -'^c^-laminoacylcyanidcs 

Synthesis of Esters. It i ^ to pol^ 'meri'ze. 

acid. The synthe.sis of 0-.sermr*!l'°"" cstcrify an amino 

already been mentioned. cnvativcs of a-acylamino acids has 

mixed anhydride.sCa?no'te7?ntl'"^ I'ydroxy] groups with carbonic acid 
As ordinarily carried out an J ‘T"!' '^mizy]penicillin.i=‘ 
reaction with an acyl alk’vl li acylation 

different alcohols in^the rearf presence of two 

equivalent of triothylamine. '"'•vtare one may add an additional 
(CH^ljC CHCOOCO.C.H, 


S ir 

\/\ 

H 0 

1 ^ ^HCOCHjaH, 
Ucn^ylpenicini„otl,j.|c,ubonntc 


+ ROH + (OjH.ljN 


-CHCOjH 


N 


+ [OCOjCjHjeffCjHBljNHj© 

Cyclic Peptides Tn ^ i 
chloroformate to an eouivTl . ^^P«"ments the addition of ethyl 
glycinate gave the desLd ^•^‘'"re of phthaloylglycine and ethyl 
chloridepiaaltfLalnt^r -Mride and ethyl glycinate hydro- 
tively prevented appreciable vretl ^ °y^Sfyoine and glycine ester effec- 

tributylamine to the reaction m' +'**^*' ormation. Subsequent addition of 
The preparation of cyclic resulted in peptide bond formation, 

which are not imnortnnf in ^ ^ presents three additional factors 
tendency to form linenr i Polypeptide synthesis. They are the 
solubility of the startin(T^° cyclic products, the in- 
ability of the amide bond to° suitable solvent, and the 

micie bond to exist in either cis or (runs conformation.^^ 
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obtained therefrom iias not appreciably different from that obtained when 
a molar quantity of sec-butyl chloroformate « as used m formation of the 
anhydnde.*^ 

Treatment of triethylammonium phthaloyiglycinate with phenyl 
chlorothiolformate in cold chloroform leads to a rapid precipitation of 
phthaloylglycine anliydride, presumably via the pathway indicated. 






(C,H,SC0),0 


The use of n-hexyl chlorothiolformate in place of alkylchloroformatea 
gave mixed anhydrides far less satisfactory for peptide bond formation.” 
The existence of phenyl thiolearbonate XXXVI has been postulated as 
an intermediate in the reaction of phenylatenine with phenyl chloro- 
thiolformate 

NltCn(CH,C,H,)COOCOSC,U, 


CO 

^NlICH(CH,C,H,)COOCOSC.H, 

XXXVI 

Tertiary Amines. Various tertiary amines may be employed to 
form the ammomum salts of the acylamino acid. Methyl- and ethyl- 
pipendine are commonly used by European chemists, whereas tnethyl- 
amine is preferred in the United States. The use of tri-n-butylamme was 
suggested because its salts are soluble in most organic solvents » This 
very property, however, has led many investigators to use tnethylamme. 
When the final reaction mixture is worked up. washmg with dilute 
hydrochloric acid fails to remove the tn-»-butylamine from the organic 
layer Concentration then gives a mixture (usually a solution) of product 
and tnbutylamme. Triisoaroylamine proved to be even more difficult 

Bmi-kner aad Kovics Acta Cttm Acad Set Btm9 . IS. S63 (1937) 

»• Crosby .nd Niem«nn,V Aei CUm Sc* . 78. «S9 (1<1S4) 
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introduced. Clinuging the order of addition rc.sults in decrea.sed jdeld-s. 
For example, the tri-u-butylammonium salt of piithaloylglycinc wlicn 
allowed to react M'ith ethyl chloroformate and then with ethyl glycinate 
gave a 70% yield of ethyl phthaloj’lglycylgl3'cinntc. Reaction of the 
acid and glj'cine ester with ethjd chloroformate to give the mi.xed anhj’- 
dride and cthjd glj'cinatc hj’drochloridc followed bj’ addition of tri-a- 
butylamine lowered the yield to 58%. Addition of cth.vl chloroformate 
to a mixture of the other reactants gave a 27% 3deld.’'''’ 

Alkyl Chloroformates. In non-aqucous solvents, branchcd-chain 
alkyl chloroformates would be expected to increase the electron dcnsit3' 
on the adjacent carbonyl group of the mixed anh3'dridc and thus diminish 
the tendency toward urethan formation. The reaction of a scries of 
carbobenzyloxy peptide alk3d carbonates with sodium glycinate in aqueous 
solution was investigated. The nlk3d groups were moth3’l, ethyl, iso- 
propyl, isobutyl, isoam3d, 7i-hcpt3d, w-octyl, bcnz3d, and phen3d; the 
acylated amino acids and peptides, carbobenzylox3'gl3'cinc, carbobenzyl- 
oxygl3'C3'lglycine, and carbobenzyloxydiglycylglycine.'*® The ethyl and 
isopropyl carbonates gave the highest yields of acylated dipeptide whereas 
the higher alkyl esters gave better results with the higher peptides. A 
jjoor yield of impure carbobenzyloxygly'cydglycine was obtained with the 
methyl ester, and the phenyl ester failed. The anhydrides of phthaloyl- 
glycine with either methyl or ethyl chloroformate gave the same yield of 
phthaloylglycylanilide.^* sec-Butyl and isobutyl carbonates were the 
most satisfactory.^^' The anh3'drido of dicarbobenzylox3'-L- 
2,4-diaminobutyric acid with carbobenzyloxy chloride was used to make 
peptides.^®^ 

In addition to giving improved 3delds of peptides, mixed anhydrides 
formed from isobutyl chloroformate possess another practical advantage 
over those from ethyl chloroformate.^^ Neutral peptide intermediates 
are usually isolated by introduction of petroleum ether to an ethyl acetate 
solution. Any urethans formed as by-products will appear in the neutral 
fraction. The isobutyl urethans are more soluble in ethyl acetate- 
petroleum ether than are the ethyl urethans; thus purification of the 
product is easier. 

A 50% excess of sec-butyl chloroformate in the formation of the 
anhydride with carbobenzyloxyglycine gave an impure product when 
coupled with ethyl-DL-phenylalaninate, but the amount of pure product 

Vaughan, U.S. pat. 2,713,674 <to American Cyanamido) [C.A., 50, 16580 (1956)]. 

Vaughan, Can. pat. 536,345 (to American Cyanamido). 

King, Clark-Lewis, Wado, and Swindm, J. Chem. Soc., 1957, 873. 

Schumann and Boissonnan, Helv. Chim, Acta^ 35, 2237 (1952). 

Zaoral, Rudinger, and Sorm, CoUection Czzchofilov, Chem, Communs., 18, 530 (1953); 
C/icm. Lisly, 47, 427 (1953) [C.A,. 49. 179a (1955)]. 
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Isolation of the product is simplified when toluene and other water- 
immiscihle solvents are used inplaceofdioxane, acetone, and Lke sol vents. 
The reaction mixture may be nashed directly with liydrochloric acid and 
sodium bicarbonate solution (m the case of neutral products) to remove 
by-products w ithout the necessity of replacu^ the onginal solvent. 

The amount of solvent appears to be unimportant.** 

Time, Temperature, and Siability. Temperature is reported to be 
the most critical factor in the preparation of mixed carbonic anhydrides ; 
the anhydrides are too unstable to permit the use of temperatures above 
15° and the reaction rate becomes too slow at temperatures below —20°.** 
Although a number of peptide denvatives have been prepared at 10° in 
dioxanc,®* the importance of keeping the reaction temperature at O'" to 
minimize disproportionation must be stressed.** A temperature of —5° 
permits the preparation of the mixed anhydride in good yield in 5 to 10 
minutes in most cases. Carbobenzyloxyglycine forms a mixed carbonic 
anhydride within 50 seconds at —5°, but more complex ammo acids require 
a longer reaction period Although no decrease in yield in the preparation 
of phthaloylglycylanilide was ob^rved whether the aniline was added to 
the anhydride at 0* after 10, 30, or 60 minutes,** there appears to bo no 
advantage in prolonging the anhydride-forming step beyond 20 minutes. 

The carbobenzyloxy group was removed from the a,a-dimethyl ester 
of carbobenzyloxy-y-L-glutamyl-t-glotarayl ethyl carbonate, ******* as well 
as from its isomer involving mixed anhydride formation on the alpha 
carboxyl group,*** by hydrogenolysis mcolddioxane or dimethylformamide 
with a palladium catalyst. The itaiilfing mixed anhydrides were used 
for the preparation of polymers. 

Mixed anhydrides formed between many types of organic acids and 
ethyl chloroformate in the presence of a tertiary base have been known 
for more than fifty years ** Their existence in solution was postulated 
as early as IS8S**' Recently it has been found that many of these 
anhydrides are relatively stable compounds that may be distilled, ******* 
one, p-nitrobenzoyl anisyl carbonate, has been recrystallired *•* Various 
mixed anhydrides of benzyJpenicilliii have been obtained as gums in 
analytically pure form.*’* Phthaloyl^ycylglycyl ethyl carbonate has 
been obtained crystalline.*** 

Bruckner. KovAcs, Nsgy, and KajtSr, Kaittrmt . 41. 528 <1859) 

*•* Bruckner. KovAos! Nagy, end Kailar. AelaCtwi dead Set Huny , 6, 219 (195J) 

Bruckner. Wein, Nagy, Kajidr. and Ktrtfca. Xattrmt . 42. 210 (1955) 

Bruckner, Szekerke, and Kevacs. Xaturm—. 42, 179 (1955) 

Twbrl) and Xeieter, ,r Ov Chen, 93. 1149(1958) 

Windholz. J On Chim.. S3, 2944 (1959) 

■" Leffler. / Am Chem Soe . 72, ST (1950) 

Johnecn and Sheehan, U S pat 2,751,379 (to Bnetat Laboratorioe) [C A., 51, 413ah 
(1957)], 
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to remoN'c. In the preparation of ethyl carhobenxyloxy-in.-phcny!- 
alanyl glycinate, removal of tlm .‘-'olvcnt after washing with acid and base 
gave two layers. The product was isolated by decanting the upper layer 
of friisoani via mine and triturating the bottom layer with ethcr.'^' 

Although a moderate excess of trietbylarnine-’ or f ri-n-biitylaminc^’ 
has been reported to have no effeet on yield.s, a large excess may be 
unde.sirablc. Chlorofomiatc.s react with tertiary amines,*-''' and it i.s 
possible that mixed anhydride.s will nl.=o be decompo.'cd by an excess of 
triethylamine or other relatively strong bases. 

Dimcthylaniline ha.s been recommended as a substitute for trietludaminc 
since it does not react with chlorofonnato.s at room temperature.*-*’ 

The u.se of metallic salt.s of the acylamino component rather than the 
acid and an organic base has received little attention except for the 
preparation of penicillin derivative.s, where diy metallic salt.s arc com- 
mercially available. Metallic salts of acylamino acids are unavailable, 
arc trouble.some to prepare, and arc less soluble in the available .solvent.s 
than are amino salt.?. 

Solvents. A wide variety of solvent.s has been used for the preparation 
of mixed anhydrides, the more usual being dry chloroform, toluene, 
tetrahydrofuran, and dimethylformamide. The reaction fails in water, *^'’ 
and the use of moist chloroform or toluene results in a 10-].o% dccrca.se 
in jield.-' However, mixed anhydrides of penicillin liave been made in 
aqueous acetone,*^’-*®® and, when dimcthylaniline is used in place of the 
more usual triethylamine, reactions in aqueous solvents are possible.*-® 
Aqueou.s nitromethane proved to be better than water alone; as all the 
experiments were performed with gl3'cine derivatives wliicb form anln'- 
drides relativeh- rapidl3-, it is not known whether this practice can be 
extended to other amino acids. Man3' reactions have been run in dioxane at 
10°,^ but the relativel3' high temperature dictated b3- the freezing point 
of dioxane sometime.s resulted in disproportionation of the mixed 
aiih3’dridp. Better results were obtained in acetone at — 10 °.®® The 
aiih3'dride of a-tos3’I-£-carbobenz3-lox3’-i.-lysme and ethyl chloroformate 
reacted with benzyl p-aminobenzoate to give a 21 % 3-16^ of product in 
tetrab3’^drofuran, a 14 % 306^ in dioxane, and an 1 1 % 3^6^ in clilorofonn.*®” 
However, there is no reason to expect parallel changes in xdeld n-ith other 
reactants in these solvents. 

Racemization is greater in chloroform*® and dimetln-lformamide** than 
in dioxane, toluene, tetrah5’drofuran, or tolnene-dioxane mixtures. 


Schlogl. Wessely, and AVawersich, 2^1onatsh., 85, 957 (1954). 

Jansen and Hamlet, Brit. pat. 727,481 (to Glaxo Laboratories) £(7.-4., 50, 5036d (1956)]- 
Belg. pat. 518.063 (to Glaxo Laboratories) (1953). 

Barrass and Klroore, J. Chem. Soc., 1957, 3134. 
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\Vhen the reaction solvent is inisdble with water, the solvents may be 
removed by concentration in vacunm and the residue taken up in a 
mixture of ethyl acetate and water. Chloroform is sometimes superior 
to ethyl acetate for dissolving the prodact 

When the product is a peptide acid, it will appear as the sodium salt in 
the aqueous sodium bicarbonate, which may be extracted with ethyl ether 
and acidified with hydrochloric acid to precipitate the product. 

If the reaction did not proceed in nearly quantitative yield, the a- 
acylamino acid starting material will precipitate with the product. 
Sometimes purification by recrystallization is satisfactory; in other cases 
it is not at all practical This must be determined experimentally. If 
a carbobenxyloxyglycyl-DL-aroino acid proves to be easy to purify, it does 
not follow that the carbobenzyloxyglycyl-L-amino acid may also be 
readily purified. Countercurrent distribution or fractional extraction 
may be necessary. Aqueous ethanol as well as ethyl acetate-petroleum 
ether are commonly used to recrystallitc acylamino peptides. 


Experlmenwl Procedures 

Ethyl Garboben2yIoxy-S-b«ntyl*i-cy8telnyI-S.beii2yl.ucy8teln- 

ate.J« A solution of 340 g. of carbobenzyloxy-S-benzyl-L-cysteine and 
139 ml. of triethylaraine in 3 1 of toluene was chilled to -6* and treated 
with 131 ml. of isobutyl chloroformate. After 10 minutes a cold solution 
of 276 g, of S-benxyl-l-cysteine ethyl ester hydrochloride and 139 ml. of 
triethylamine in 2 1. of chloroform was added, and the mixture allowed 
to stand overmght at 26*. One additional liter of chloroform was added, 
and the mixture was washed successively with water, aqueous bicarbonate, 
and water, and finaUy dried over anhydrous sodium sulfate. The ^trate 
was concentrated in vacuum to a small volume, and triturated with 
petroleum ether. The precipitated carbobeittyloxy-S-benzyl-L-cystemyl- 
S-benzyl-L-cysteine ethyl ester was coUected and recystalJized from 
ethanol. The yield was 382 g. (67%) of product, m.p. 105 (cor.) 

Carbobenzyloxy.i.-glutanilny|.i.-asparaglnyl-S-benzyl-i..^steine. 

To a solution of 4.0 g. of carbobcnzyloay-t-gluf*™*"® m 60 ml. of tetra- 
hydrofuran and 60 ml of dioxane at -5“ were added 2.0 ml. of tnethyl- 
amine and 1.35 ml of ethyl chlorofijrmate. A solution of aspara^yl-S- 
benzyl L-cysteine (prepared from 5.9 g. of the N-carbobenzy oxy denva- 
tive) in 20 ml. of water and suffident 2N sodium hydroxide to bring the 
pH to 7.5 was then added to the solution of the anhydride. ®®t>on 

mixture was stirred for 3 houm, while being mamtained at pH 7.5 by the 
addition of 4A' sodium hydroxide as needed After the addition o 
Iiomiy. and GreensW.n, Arrt StoeSo. . 82. 203 (1954). 
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Amide-Forming Step. After the anhydride iias been prepared, the 
amine to he acylated is added to the anhydride, the cooling bath removed, 
and the reaction mixture stirred for about 4 hours at room temperature 
or allowed to stand overnight. Ethyl carbobenzyloxy-l.-leuc 3 dglycinate 
was formed in 86% yield from carbobenzyloxy-L-leucyl sec-butyl carbonate 
in I- hour at room temperature.i®® The reaction time may be shortened 
to a few minutes by heating the reaction mixture rapidly to boiling and then 
cooling.®’ 

The amine component may be dissolved in any suitable solvent. 
Amino acids and peptides are usually dissolved in normal aqueous 
sodium hydroxide; esters of amino acids or peptides may be dissolved 
in a solvent such as acetone, benzene, chloroform, dimethylformamide, 
dioxane, ether, ethyl acetate, or tetrahydrofuran. If the solvent used for 
the anhydride is immiscible with that used for the amine, vigorous stirring 
is necessary . Since carbon dioxide is formed during the acylation, care must 
be observed to avoid excessive foaming during the addition of the amine. 
With many organic solvents foaming is hardly noticed, but with toluene, 
or when an aqueous solution of the sodium salt of an amino acid is added 
to a mixed carbonic anhydride, brisk evolution of carbon dioxide results. 

Isolation of Product. A variety of procedures has been used to 
isolate the peptide intermediate. If a solid is present in the reaction 
mixture it may be recovered by filtration and examined for water solu- 
bility. In most instances the solid will prove to be the hydrochloride of 
the tertiary amine used to neutralize the acylamino acid and will dissolve 
completely in water. In some cases part of the desired product is recovered 
directly from the reaction mixture and may be washed ivith water to 
remove amine salts. 

If the reaction solvent is immiscible with water and the product is 
neutral, the reaction mixture may be washed (after filtration) with dilute 
hydrochloric acid to remove any unreacted amino acid ester, and then 
with salt water, and with aqueous sodium bicarbonate, to remove any 
remaining acylamino acid. In the synthesis of percarbobenzyloxy-L- 
arginine, triethylamine was used in place of aqueous sodium bicarbonate.®* 
The use of salt water is usually advisable to avoid emulsions. The solu- 
tion remaining after extraction is dried, filtered, and concentrated in 
vacuum. Iseutral esters are best obtained crystalline by dissolving them 
in ethyl acetate and adding petroleum ether. Tritiu-ation with ether or 
mtromethane wUl sometimes bring about crystallization if ethyl acetate 
fails. If the product remains a syrup, it is normally pure enough to use 
for the next step, e.g., saponification, hydrogenation, deacylation. 

r '? Rvdinger, Collection Czechoslov. Chem. Commune., 20 , 1183 (1955); Chem. 

Lncty, 49 , 746 (1955) [C.A., 50 , 4017 (1956)]. 
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prepared in good yield by treatment of sodium penicillin in dimethyl- 
formamide at 5® with acetyl chlonde It underwent the normal 
anhydride reactions and reacted preferentially at the penicillin carbonyl 
group to give the corresponding amides By this method penicillin was 
coupled to ammo acids. Besides acetyl chlonde, other acid hahdes up to 
octadecanoyl were employed to form similar mixed anhydrides •’*■*’* 
Diphenylacetyl chloride and isobutyryl chlonde appear to be preferable 
to other acid chlorides in this reaction. 

The first application of a mixed anhydride of an a-acylamino acid and 
a carboxylic acid for peptide bond formation was reported m 1950*’* 
The method stemmed from an attempt to synthesize azlactones*’* when 
it became apparent that a mixed anhydride could be an intermediate in 
azlactone formation In an effort to prepare and isolate such a mixed 
anhydride, the silver salt of carbobenzyloxyglycine was treated with 
acetyl chloride in ether A Jow-melling crystalhne mixed anhydride 
resulted Eecrystallization from benzene and petroleum ether resulted 
in disproportionation Treatment of the mixed anhydride with aniline 
and hydroxylamine gave carbobenzyloxyglycinc anilide and hydroxamate, 
respectively.*”- *’« 

hfecfianism 

mixed anhydrides of «-acylaroino acids with carboxylic acids contain 
the grouping RiCONHCHRtCOOCOR,. and the comments previously 
made on p, 163 apply here. Tlie mechanism of acylation reactions of 
mixed anhydrides has also been discussed by Tedder.*” A number of 
mixed anhydrides have been allowed to react with hydroxylamine and 
the ratio of hydroxamic acids determined *”* With hippuric acetic 
anhydride, hippurylation predominated over acetylation by a ratio of 
3'1. With hippuric benzoic anliydnde the ratio of hippurylation rose to 
21 1 These results indicated liberation of the weaker acid The 
previously mentioned role of the solvent (see p. 163) in reversing or 
altering the normal course of the reaction should be kept in mind. 

Anhydrides of carboxylic ands and tnfluoroacetic acid react witli 
primary amines to give mixtures of amides in which the trifluoroacetamide 
usuaOy predominates.*" However, when the carboxylic acid is an 


Cooper .nd Brinkley, J Am Ctm 39SS (ISIS) 

Cooper US pat S 577.699 (to Bnitol L«borat®rj«HC A , 48, 7187c (1932)] 
Cooper' U S pal 2 ' 593 SS2 (to Bnatol Laboratoetea) [<7 1 , 46. T293f (1952)1 

Wieland Kern and Sehnnit. • S69. 1*7 (*95®) 

Brit pat 693 525 (to Do«hrtn*«-Solin)IC ..1.49. l78Sb(l9S5)J 
Bnt pat 693’524 (to Boehrioger Sohn) [C A . 49. 1782g (1955)] 

Tedder. Chem Hevs . 55, 787 (I9SS) 

Wieland and Slimming. .4-« . 579, 97 (1953) 

Bourne, Henrj, Tatlow. and Tatlow. J Okeni Soc . 1952. 4014 Bourne. R 
w, an.) Tedder, Kalurr. IBS. S48 (1951) 
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Itr?' '"'“f*'*** "™ -ir-drirf, dissolved in 70 ml. 

The n^ ’’'■““'"■t- to pH 2 ,vitl, hydrochloric acid. 

With ethv? f collected, air-dried, stirred for 1 hour at 20° 

b n vWr 4.8 g. (64o/„) of earbo- 

61ycy“^pr“toa,T™ 

wLvoxvrtn , , “f 1.30g. (Ommote) of erbo- 

SoS) ■"'I o-®*- 

to 4° „d 0 2 v 'itT' '" ^ ‘“toothylformcmidc was cooled 

with stirrine- Aff in isobutyl chloroformate was added 

2 lumoTe 1 of f i temperature, a solution of 0.48 g. 

Wmfde\l hydrochloride in 20 ml. of dimethjl- 

immediately cooled On a^dir^'^^T 
precipitated as a colorless solid ^ Twl ‘"'Tu- 

from 40 ml Tmrfi' r me/ ^c^^^’ystalhzations of this material 

(o = 2.lk,g™Z“r.c,7"'’ Wo+®“±“' 

GYLAMINO ACID CARBOXYLIC ACID ANHYDRIDES 

halide lead^to 'th^formltion'"'^/’''^*’^^^™^” organic acid 

anhydride as shown in the a carboxylic acid 

anhydride may be used for peptide The mixed 

RxCONHCHR,CO,H -f CICOR3 + (C,Hg)3N-. 

R1CONHCHR2COOCOE3 -f [(CjH 5)3NH]+ -f- Cl- 

synthesis as Tariy asTsSl'^ anhydride of this kind for a peptide bond 
glycinate travp o u . ^ reaction of benzoyl chloride with silver 
that the benzovl henzoylglycylglydne. Curtius correctly assumed 
ilor^de --t further wJh benzoyl 

ndxed anwt^ " ™Ti1 anhydride; he was ™g in assuming that the 
bippurX ht displacement of benzoic acid to give 

hS bis«"‘ ‘if t of the chlorine .0 live 

clarifiS.W 2 ■ the reaction was recently 

•nhydfS^vLfotcribodliiwofto^^^ '‘"''’‘’’‘f"'’ ‘o‘‘‘ 

.yntocsl. nn«. recenf yc.JT; 1 bir^SXfcS: rh/Sf^ 
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dimethylformamide to give an acycbc mixed anhydride from which a 
59% j’leld of tosyl-DL-alanine moipholide (XL) was obtained.'*’ Tiie 
reaction presumablj proceeds as shovin in the accompanying equations, 
although tlie structure of tlie intermediate anhydride was not determined. 

Potassium tosyl-OL-aianmate gave a 45% yield of the morpholide 
starting with 3,5-dibromo 2 sulfobenzoic anhydride and an 8% yield wth 
/?-sulfopropionic anhydride 


TosNlIClI(Cn,)CO,K 

.XXXVII 



O 

II 

TosNIICH(CH,)OOCC,H.SO,K-d 


.Xi.\VlII 


/ — \ 

XXXIX + Morpholine -* To8XnC«(CH,)COX O + IIO.CC.H.SO.K-o 

XL \ / 


In a model expenment, dry potassium phenylacetate dissolved im- 
mediately in dimethylformaroide upon addition of o-sulfobenzoio anhy- 
dride, but introduction of excess aniline gave only a 50% yield of anilide. 
The authors concluded that either the mixed anhydride disproportionated 
or, more probably, the amine attacked at both carbonyl positions An 
alternative explanation ts that the intermediate mixed anhydride XLI 
undergoes a Perkin reaction to give the ketone XLII. 

^o — c.n,cH,coococ,n,so,K-o 

''SO, 

XLI -• C,II»CII,COC,H,SO,K-o -(- CO, 

XLII 


The mixed cyclic anhydrides of sulfocarboxyhc acids have not been 
used with acylammo acids to form peptides, although the synthesis of 
tosylalanme morpholide indicates that it should be possible to do so 
An investigation of the use of the trifluoroacctyl group as an amine 
blocking group,***- *” showed that the addition of 1 mole of amino acid 
to 1 mole of trifluoroacetic anhydride gave crystatline trifluoroacetylammo 
acids but that excess anhydride gave other products. cL-AIanine and 
OL-vahne gave liquids (boiling at 36° and 45°, respectively, at 0.02 mm ) 
that were formulated as mixed anhydrides although in each case the 
carbon, hydrogen, and nitrogen values fell between those calculated for 
the mixed anhydride and those calculated for the oiazolone or for the 


Kenner »ndStedni8n..r Chtm S«c . M68. MSS 
■'* Weygand and Caendes, AnsKi- Chtm . ISS 1195*) 
tVeygand and Geiger, CUm Ba . 89. «« {19SS). 
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prorct F itl " 

formation of tlm rT"°’ is racomizcd in the 

s3s tLftl 1 anhydride. These results 

• ggest that tlie reaction procecd.s by way of an nzlactone. 

n,NCIl(CH,)CO,H + 2(CK,CObO - CII^CIICOOCOF, + 2CF3CO,H 

xncocF, 

CIJ 3 CH CO 


o 

\ / 

c 

Cl'-', 


CF^COjU 


tri^rxf^ ■'"''.'■'W'l'’ dfaptoportiomtcs to 

giyZ;t^7%'’;Sr..“ «=yi.to e.hy. 


Scope and Limitations 

Avith acS^dibridfa Anhydride Formation. Initial work 

acid mixed anhydride'lave'lS benzoic 

mixed anhydride Tn ^ »sproportionation than the acetic acid 

benzyloxygSe and a anliydrides of carbo- 

allowedtoreact-tt-ith auT carbo-xylic acids were prepared and 

being noted Since "I'^^ting points of the products 

solventratTack t ^ - -l^ydrous 

having the lower electr occur at the carbonyl carbon atom 

of the mixed anhvdri 1 results confirmed the superiority 

the a ^re CZttf T However, 

aromatic acids In -3' of the 

the steric effects of the md-cham acids both the inductive and 

amine at the amino a ’H ^ ^oups operate to mcrease the attack by the 
relatively unfair m ^ carbonyl group. The aromatic acids, having 

acids ivith acylamiM'^ cjt^c mixed anhydrides of carbox3'lic and sulfonic 

alaninate (XxS^tT "T tosyl-ni- 

) reacts vath o-sulfobenzoic anhydride ( XXX t rrTT ) in 

tSg-d. ^t':n 

Iiu luiyen, Chtm. Ber., 90, 1896 (19S7). 
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of acylammo acids inth benzoic, isovalene, and trifluoroacetic acids. 
Ethyl carbobcnzyloxygljcyi-DL-phcnylalaninate has been prepared usuig 
the mixed anliydrides of carbobenzyloxyglyeyl-DL-phenylalaninc and 
trimethj’laeetic and diethylacetic acids.* 

o-Acylamlno Acids Used in Anhydride Formation. Anhydrides 
prepared from isovalerj 1 chloride and acyl denratives of glycine, alanine, 
leucine, norleueme, proline, jihenylalanine, asparagine, and lysme have 
been employed for the synthesis of peptides The use of anhydrides 
derived from isovateryl chlonde and sarcosine, D-isoleucine and D- 
isoleucyl-L-probne have been reported but with no details.'** Dehydra- 
tion of the amido group of asparagine to the nitrile, observed when the 
pyrophoaphite or carbodiimide method is used, does not occur when the 
anhydnde derived from isovaleryl chlonde and carbobenzoyl-L-asparagine 
la coupled with S-benzyl-n-cystcme •’ Low yields (10-30%) were obtained 
in the acylation of allothreonine with the anhydrides prepared from the 
carbobcnzyloxy derivatives of alanine, norlcucine, end phenylalanine '** 

The anhydride derived from benzoyl chlonde was used to prepare 
an extensive senes of lysine peptide intermediates.'*®-**' This pro- 
cedure was reported to be simpler experimentally and to give purer 
products than the azide method. These results represent the only 
reported experiments in which mixed anhydndes of optically active 
acylamino polypeptides and carboxylic acids have been used. Raeemi- 
zation was not a problem even though a lysine pentapeptide derivative 
was synthesized by the addition of one lysme ester group at a time to a 
percatbobenzyloxylysine polypeptide Mued anhydrides of benzoic 
acid and N-formyl-O-acetyl-L-tyrosine, N-carbobenzyloxy-O-acetyl-L- 
tyrosine carbobcnzyloxy- and phthaloyl-glycine. carbobenzyloiy.DL- 
alanme, carbobenzyloxyglyoylglycme, and carbobenzyloxy-DL-aknyl.DL- 
alamne have also been prepared. 

The mixed anhydnde of Inflooroacetylglycine and trifluoroacetic acid 
reacts with ethyl glycmatc to give more than 60% of ethyl tnfluoroacetyl- 
glycylglycinate Reaction of ethyl glycmate with the anhydnde of tri- 
fluoroacetyl-DL-alanine and trifluoroacetic acid gave ethyl trifluoroacetyl- 
DL-alanylglycinate in 55% yield. Glutamic acid reacts with trifluoro- 
acetic anhydride to give the anhydnde of N-tnfluoroacetyl-L-glutamic 

information is available on the possible use of mixed anhydrides of 
the hydroxy ammo acids such as serme and threomne. Pantotheine, 




OKOANIC lUCAC'PIOX.S 


.syinmetnwil Innuoroacetylumiiu) acid niiliydridc. J.atcr it wn.s kIiowii 
that heating triduoroacetie anliydrido with triiluoroacidyl-iiL-alnnine 1o 
“■‘'■iniiorornethyl-'l-metliyl.i'i.oxnzolone containinalcd with tri- 
dnoroacetie acid.'"" 'I’he. symmetrical trinuoroacetyl-Di-alanine anhydride 
gave tlie oxazolone on heating. 

I he uae of tlie mixed anhydride.s of f rifhioroncclic acid and an a- 
ac} ammo acid for jicjiladc HyntliesiH .sufl'er.s a .serioiiN disadvantage in that 
raccmization is observed even at relatively low temjieratnrc.s. A second 
disadvantage is that excess triflnoroacetic aniiydride neylate.s the peptide 
rogc n atom. iSnhsecjiient treatment with the ester of an amino acid 
wi 1 result in the cleavage of some jicjitide honds. For example, the 
aniyt, ru e jirepared from glyeyl-oi.-nlanine and an excess of trifluoro- 
ace le anhydride reacts with ethyl glycinate to give a mixture of trifluoro- 
acctylglycyl-m.alanylglycine ester, tridnoroacetylglycylglyeinc ester, 
riduoroaectyl-Dn-alanylglycine ester, and tridnoroacetjdglycine ester.''” 

JIjNCJl,_,C0NIICir(Cll3)0O„n I- (C'J-'3(;0),0 — 

Cl'VtOXI l(!I J jCOXth I (01 l3)(tOOC'Of!I'’j 


cool-’, 

XLIIJ -I- JljXtdI/jO/ljIlj _ 

fci'V-’ONnci FooNjioij ( 0113 ) 00 x 1101 i.^co,C2ir5 

I Fi'V'oxjioHjCoxjionjCOjOsiis 

I OJ'VJOXIICI 1 (OJJjtCOXJIOJ l20O,O,.JO 
V0I'’3OOXJI0Jl3CO3a3TT3 

eave^^rdn h oxalyl chloride for 48 hours in benzene 

for (1 hour, 8„vo the miro,, XLlv,i» ri.loh ,v«, not n.cti 

0 ^00 

^XX'lljCOXI ICJ tjCOOOOOOOl 

'^co 

XI.IV 

^ appear not to be suitable for this purpose 

mole of mixed^an'l^irridr''^ 

acids and'earl^''^ ‘^'msidcrable number of mixed anbydrides of a-acylamino 

t^fh" ao^ bond forma- 

turn has actually been attempted with only a few, namely the anhydride.s 


G , ,„„1 Che,,,. JJer.. 8D. 15411 (1H5«). 
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contribute to lowered yields even when the substituted benzamides do not 
interfere with the purification of the desired products.* The mixed 
RjCOXncnRjCONRjR, + 

^ ^ C.H.CO.H 

RiCONHCIIRjCOOCOC.irj + HNB,R« 

\ 

C,HjCONR,R4 + 

RjCOXnCHRjCOjH 

anhydrides of trifluoroacetylamino acids and acetic or benzoic acid react 
with aniline to give mixtures of anilides difficult to separate. Trifluoro- 
acetyl-DL-alanyl acetate gave only a 6% yield of trifluoroacetyl-DL- 
alanylanilide 

Experimental Conditions 

The preparation of an a-acylamino acid carboxylic acid mixed anby. 
dride involves reaction of an a>acylamino acid salt with a carboxylic acid 
chlonde or. for mixed anhydrides of tnfluoroacetio acid, tnfluoroaeetio 
anhydride. 

Jn earlier work the silver salt of the «.acylammo acid in ether or 
benzonitnie”*. w as employed. The latter solvent is especially suitable. 
Silver chloride was removed by centrifugation. Tlie sodium salts were 
found to react more slowly than the silver salts, but the sodium salt of 
benzylpenicillmreacts rapidly with acetyl chlonde in dimethjlaeetamide.*'* 
N-Ethylplperidine*’* or tnethylaroine* is convenient for the preparation 
of the salts of an acylamino acid Pyndine is unially less satisfactory, 
and dimethylaniline is generally unsuitable because of its low er basicity.*” 
Toluene, benzene, tetrahydrofuran and other inert solvents may be used. 

The mixed anhydride is usually prepared between -5° and 5° m order 
to minimize disproportionation. For the same reason it is advi'wible 
to use the muted anhydride without isofation.'” The mixed anhj-dnde 
may be prepared in a w ater immiscible solvent such as benzene and then 
treated, with vigorous stimng, with an aqueous solution of the sodium 
salt of the ammo acid or peptide to be acjlaled In this manner, carbo- 

benzyIoxy-DL-a]anyl-DL-alanyl-l>i.-alanylplycine (XL\II) was prepared 

m 80% yield 

C,H,Cir,OCO.NTlCII{Cn,)COXHCn(Cn,)CO,H -r C,H.N(Cn,), + r.H.COCI 
-C.H.CH.OCOXIIClKClI.fCONnCIKril.lCOOCOr.H. 


XLVI + II,NCH(ClI,)CONIlCH,CO,n — 

C,lI,CH,OCONIICII(CII,)CONIIClI(CH,)CO.VIICII(fH,K-O.VHriI,ro,II 

XIVII 
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however, has been prepared in 38% yield from the mixed anhydride of 
benzoic acid and pantothenic acid wliich contains two hydroxyl groups.” 

Acylglutamic acids in wliicli the acyl group is acetyl, carbobenz 3 doxy, 
phthaloyl, 4.nitrobenzoyl, or phenacetyl react wth acetic anhydride or 
thionyl chlonde to form acylaminoglutaric anhydrides.”^ The same type 
o reaction "v^ould be likel}^ to occur in an attempt to prepare mixed 
an y ^ es of other carboxylic acids. "Wlien the acyl group of the amino 
acids is to.syl, the reaction takes a different course. Acetic anhydride or 
leads to the formation of l-tos3dpyrog]utamyl acetate 
(XLV).i Treatment of the anhydride XLV vitli ammonia leads to less 
TosNHCHCO,!! 

I - (CH,C0).0 j , 

CHjCHjCOjH CH.coc/ 0=1 jee 


:ioococH, 


Tos 

XLV 

than a 50 ^ yield of 1-tosylpyroglutamic acid amide, presumably because 
hssion occurs at both carbonyl groups.”^ 

1-Tosylpyroglutamyl chloride”^. ”5 ,viU probably prove as useful 
aoid”^ mixed anhydnde of l-tosylpyroglutamic acid and a carboxyUc 

Side Reactions 

The principal side reaction observed in the use of mixed anhydrides of 
a-acylamino acids and carboxylic acids has been disproportionation. 

2RjCONHCHRjCOOCOR3 — (RiCONHCHRjCOIjO + (RjCOijO 

than with benzoic acid are less prone to this reaction 

r'nrl. ■"■arming they too disproportionate.”® 

Carbobenzyloxy-DL-alanine benzoate when warmed just above its melting 

1 . , minutes gave benzoic anhydride and carbobenzyloxy-DL- 

yield. Silver carbobenzyloxyglycylglycinate 
o^ilvTlT “ feenzonitrile gave a mixture of carboLzyl- 

A?fL^ benzoate and carbobenzyloxyglycylglycine anhydride.”® 
reapt ^°^y‘l”'les of a-acylamino acids and benzoic acid can 

hu Tir 1 1 °”yl groups, no benzamide has been observed as a 

y-p o uct m this type of peptide synthesis except when the amine- 
protectmg group is trifluoroacetyl.”® However, this side reaction may 

in m in Czech. 

... Ohem.Soc., 1940. 700. 

Stedmon. J. Am. Chem. Soc., 79, 4591 (1957). 

^ ■'■'■B^eaud, J. Am. Chem.Soc., 76, .7110 (19.54). 

' cygand and I^tiher, Chem. Ber., 88, 2G (1955) 
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mixture added to 7.1 g of e-carbobenzyloxy i. lysine methyl ester m 
90 ml. of ethyl acetate and 30 ml. of 1 aqueous potassium bicarbonate. 
The reaction mixture was vigorously stirred at 0° for 45 minutes, the 
precipitate collected and reerystallized from methanol to give 9.1 g (68%) 
of product, m p, 164-165 5° When the reaction was conducted in 
benzonitrile, a less pure product was obtamed 


CARBODIIMIDES 

Carbodiimides, ketemmines, isoi^’anates, and ketenes all possess a 
central carbon atom having twinned double bonds, and all add carboxylic 
acids by 1.2 addition to give intermediates from which amides may be 
obtained. 

Mechanism 

The addition of carboxylic acids to carbodiimides has been studied in 
detail, and the course of the reaction has been shown to involve addition 
of a proton to the carbodumide (XLVIII) followed by attack of the acid 
anion Tlie relevant literature has been reviewed 


It,Na»Ci^NR, “ H,N^C=NHR, 
xr.Mii I 

Ib.co,® 

H,NHCONHR, + (R,C0),0 R,N^— MHR, ► 1{,NC0.VHR, 

l,t I I 




The intermediate adduct XLIX can either rearrange to an acylurea L 
or react with a second mole of acid to give a symmetncal anhydnde LI 
and the urea. The adduct XLIX wiD be recognised as a nitrogen analog 
of an acyl alkyl carbonate mixed anhydride two oxygen a toms have been 
replaced by nitrogen The adduct is sensitive to base and will react 
'v.th an ammo acid (or peptide) ester as shown in the accompanying 

“• Khor.n*. Few . 53, H3 (IM*! 

”■ Khorana, C5<m cC Ind (Lon&wl, I85S, 10*^ 80. SW 

*" Khorann. J Chfm Sot . 1952. 20SI 


(18SS). 
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TIic benzoic ncid formed as a l)y-j)roduct may I)e removed by extraction 
witli petroleum ether or by steam distillation.”*- 

'J’be yields are generally higher if dry solvents are employed. Tlic mixed 
anhydrides of carbobeiv/.yloxyglyeine and trimethylaeetic ncid. dimethyl- 
acetic ncid, and isovaleric acid reacted with ethyl Di.-phenylalnninatc to 
give ethyl carbobenzyloxyglyeyl-Di.-phcnylnlnninnte in bl, S-l, and bfi'Jn 
yields, re.sj)ectively, in anhydrous .solvents but .oS, 07, and oo% yield.s in 
wet solvents. 

Although mixed anhydrides derived from benzoyl chloride have been 
used ns frequently ns those from isovnleryl chloride to synthesize pe[)tides, 
the latter acyl halide in toluene with tlu- triethylammonium .salt of an 
acylamino acid appears to be preferable. About 1 or 2 lioiins are usually 
allowed for anhydride formation.'*-*®'* However, when the mixed anhy- 
dride from dicnrboben-zyloxy-L-ly.«ine and benzoyl chloride was allowed 
to stand for only 2 minutes at 0° before adding n-tyrosinamide, the di- 
peptide amide was isolated in 70% yield. 

Once the mixed anhydride has been j)re))nred, the amide-forming step 
and the isolation of the product arc c.sscntinlly the same ns for the acyl- 
amino alkyl carbonates already described (p. 104). 


Experimental Procedures 

Ethyl Carbobenzyloxy-i-prolyl-L-leucylglycinate (Use of Iso- 
vnleryl Chloride).*®® A solution of 00.5 g. of cnrbobenzyloxy-L-proline 
and 28.2 g. of triethylnmine in a mixture of ."135 ml. of dry toluene and 
335 ml. of dry chloroform was cooled to —5° and 33.8 g. of isovaleryl 
chloride added. After H hours a cooled solution of ethyl N-lcuc}'l- 
glycinate hydrochloride (from 100 g. of ethyl carbobenzj’loxj'-L-lcucyl- 
glycinate) and 28.2 g. of triethylnmine in 700 ml. of chloroform was added 
and the reaction mixture left overnight at 5°. Tlie .solution was then 
washed with water and 3% aqueous sodium bicarbonate, and concen- 
trated under reduced pressure to a volume of npj)roximately' 500 ml. 
Dilution of the solution with hexane caused 120 g. of white cr 3 ’stallinc 
product, m.p. 145-140°, to separate. One recrj'stallization from aqueous 
ethanol gave 115.5 g. (92%) of the carbobenzjdoxytripeptide ester, m.i). 
148-149° [a]|f -79.8° (c = 2.5®/o, ethanol). 

Methyl Tetra-(N-carbobenzyloxy)-i— lysyl-i— lysyl-n- lysinate (Use 
of Benzoyl Chloride).*®® A solution of 11.1 g. of tricarbobenzyloxy-L- 
ly®yl-i--lysine in 30 ml. of tetrahydrofuran containing 2.22 ml. of N-ethyl- 
piperidine was treated at 0° with 18.8 ml. of benzojd chloride and the 

'•* Vaughnn. U.S. pat. 2,710, S.*,- (to .American Cyonnmid) iC'.A.. 50, r>~a2g (IflSG)]. 

“» Kessler and du Vigneaud, .7. Atn. Chem. Soc., 76, 3107 (1054). 
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carbobenzyloxyleucine and carbobenzyloxypbcnylalanine in yields of 84% 
and 82%, respectively The optical configurations were presumably L. 

Hydroxy Amino Acids. The successful use of earbobenzyloxy-L- 
aerine,’i’-*t» carbobenzyloxy-L-hydroxyprohne***’ and phthaloyl-L- 
thTeonine^*’'*!^ with the hydroxyl groups unprotected is noteworthy. 
Phthaloyl-L-threonyl-L-phenylalanine ethyl ester (96%), phthaloyl- 
L-threonyl-L-phenylalanyl-L-phenylalanine methyl ester (92%). and 
phthaloyl-L-threonyl-L-phenylalanylglycine ethyl ester (94%) were syn- 
thesized using !N,N'-dicyciohezy)carbodiimide in methylene chlonde 
at room temperature Likewise, methyl L-isoleucmate was acylatcd 
by N-carbobenzyloxy-i.-t 3 Tosine m 94% yield,*'* and by N-formyl-L- 
tyrosine in 74% yield ** Satisfactory results were obtamed in the 
acylation of the methyl esters of l-tjTOsine, t-tryptophan, and L-serine 
by carbobenzyloxy-S-benzyl-l/-oysteinyl-Hyrosine.*'* 

The reaction with hydroxyprohne and allohydroxyproLne very 
probably proceeds at least in part through the lactone, since N,X'- 
dicyclohexylcarbodiimide converts K-carbobenzyloxy-l-ellohydroxypro- 
line to its lactone, which reacts with glycine ester to give the dipeptide 
derivative.*** 

Acidic Amino Acids. The ability of N.N'-dicyclohexy]carbodiiniide 
to promote the formation of amide bonds in aqueous media is illustrated 
by the synthesis of L-glutamine from L-glutamic acid.**' The copper 
salt was used to protect the «-amino and adjacent carboxyl groups while 
the y carboxyl group was converted to the amide This method should 
be applicable to the preparation of y-glutamyl peptides. 

Although X-trityl-L-asparaguie reacted with methyl L-tyrosmate^ in 

the presence ofN,N‘-dicyclohexyIcarbodiiraide toglve, after saponification 
of the intermediate, 50% of N-trityJ-L-asparaginyl L-tyrosine,*'* aspara- 
gine itself gave generally disappointing results, owing possibly to partial 
dehydration of the amide to the nifnle.*** However, the readily accessible 
carbobenzyloxy-^S-cyano-L-alanine does form a peptide bond with the aid 
of N.N'-dicyclohexylcarbodiimide.*** 

Sheehan. Heae, end Onodman. 1*8 Mertin*. Am Roe. Mmnrapolia. Miiui . 



”• Patehel 



I Goodman iVrfero/Mn ftwe . 14. *S« (•»**> 
id a»rka, J B>ot CSem , SM. ISI (l»57> 
Ao/or/ofacS , 12. SS (I9S7) 
end Hea. J Am Cktm . 78. I J«7 II8S6I 
end .ndDni..on«» AeWnna. . 44. *3* 
ItmLnn ll.Ir Ch.m Jem, 43. ISC. 
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equation. This reaction provides a versatile and convenient peptide 
synthesis. 204, 201° ^ ^ 

XLIX + HjXCHjCOsCjHs -v RjXHCOXHR, + RjCOXHCHjCOjCjHs 

Scope and Limitations 

AU the common amino acids have been used as the acylating species in 
peptide bond formation with N,X'-dicyclohexylcarbodiimide. The 
complete sjmthesis of oxjdocin^os. 200 ^nd a tyTosine homolog=02 using the 
carbodiunide method as the sole means of peptide bond formation has 
been described. The carbodiimide procedure was also employed ex- 
tensively in sjmthesizing an ACTH-like peptide of twenty amino acids. 20 * 
e synthesis of phenoxypemcillin was accomplished using lv,N'-dicyclo- 
hexylcarbodnmide to close the ^-lactam ring-, ^nd the same carbodiimide 
yirid 12 ^° ‘^™ethylpyruvoyl-L-phenylalanine methyl ester in 86% 

Trityl-y-alkyl.i..glutamate,403 ditrityl-n-liistidine, trityl Di.-methionine, 
^d tntyl-nn-trjTtophanU may be used for formation of peptides, 
^ese reactions are of special interest because the same substituted 
failed anhydrides vith carbonic acid 

hinrlrarinp'^ reactions. This effect was ascribed to steric 

form the e ^ formed or the anhydride reacts to 

sten been ^ alternative explanation is that the anhydride 

^p becomes sufficiently slow that the reaction of the alky] chioroformate 

Suostw ^ predominates. This complicating side reaction is 
impossible va h the carbodiimides, and peptides are formed. 

avprn ^ ^^ Carbodiimide has been used to prepare pol^’peptides 

weight polSStidL.2« " 1,000.000 from lower-molecular- 

to tef converted at room temperature 

to the ^-thiolactone by N.X'.dicyclohexjdcarbodiimide.- 

usinv prepared from X-benzoylserylglycine 

rZboin 7 I- ® similar manner 

0 .carbobenzyloxyammoacyl.X.benzoylseiylglycine 2 - ,vas prepared from 

”, 1067 (1955). 

Ven7 !''■»''=) (1960). 

Beyer^an. Bontel.7and°Krch P France. 1956, 1464. 
Beyenaan. Bon.ew’ and k7’ T' 

”• Boteoana.,. Guttmai^ WaUef ’ 

Sheelian and Henery-Wan, J l" E:.ptrien,ia. 12. 446 (1956). 

Zer.-a3 and Theodo^opouir J 4 "'rf'"' f P®®''' 
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Unlike most other mixed anhydride reactions, the preparation of the 
anhydride and the formation of the peptide bond are not done separately. 
Instead, the a-acylammo acid (or peptide) and the ammo acid (or peptide) 
ester are treated with a slight excess of N,N' dicyclohexylcarbodnmide 
in a solvent such as acetonitrile An exothemiic reaction occurs After 
4 hours at room temperature, excess carbodiiraide is destroyed by the 
addition of a small amount of acetic acid, the N,N'-dicyclohexylurea 
removed by filtration, and the acyl peptide ester isolated in the usual 
fashion. (Compare the isolation of products from acylaminoalkyl 
carbonates, p 194 ) An excess of the acylating species is used with 
RiCOjH + UjNR, + c,H„N=c=jrc,n„ -* 

R.CONIIR, + C,n„NnCOMIC,II„ 
tritylasparaginc, tritylglutamme, or trityhsoglutaraine, and the reaction 
in methylene dichloride is allowed to proceed for 13 to 45 hours at —10®. 
Some of the trityhsoglutamine is cychzed to the tntyJpyrroJidone HI. 

CH, — cn, 

I I 

0~c CHCONII, 


I 

C(C,II»), 

The reaction may be carried out m the presence of water, although 
Iietter yields usually result in anhydrous solvents such as methylene 
dichloride or acetonitrile.*’* For example, phthaloyl-L-phenylalanme 
''as coupled with ethyl glycinate ui 92% yield in methylene dichloride 
and in 72% yield in aqueous tetrahj-drofuran.*®* Carbobenzyloxy-n- 
serme was coupled with ethyl glycinate in 59% yield in tetralij drofuran.*®’ 
it was later reported that higher yields were obtained m acetonitrile or 
methylene dichloride *’» Khorana used dioxanc. tetrahj-drofuran, chloro- 
form, and etherassolventsandalwaysobUmedacylureasas by-products 

With phthaloyl-L-threomne, acylurea formation was observed m diovane 
and in tetrahydrofuran, but not in methylene diclilorido or acetonitrile.” 
PjTidine and dimethylformaroide have also been used as solvents. Low 
temperatures suppress acylurea formation.*** 

Carbodiimides vary in reactivity and in stability*®’ and not a are 
suitable for peptide synthesis. Although ease of preparation, eommereiai 
availability, and stability of X>’'-dicjcloheiylcarbodumide have made 

it the carbodiimide of clioiee for peptide synthesis, there are some situ.itions 
"■ H^lfcnoh .nd Bo.hagfn, Chrm iS.f . *8. 2»>» Cl»30) 
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Ihe condensation of carbobenzyloxy-L-asparaginc with inetliyl 
b- enzyl-L-cystoinate in tetrahydrofuran by means of N.N'-dicyclo- 
lexy car o limide gave 39% of metliyj carbobenzjdoxj'-L-asparaginyl-S- 
jenzyl-L-cysteinate, and 20% of the nitrile.”. 223 ^hen carbobenzyloxy- 
g utamme was substituted for asparagine in tliis reaction, a 76% yield 
o peptide resulted and no nitrile was isolated .223 While yields of 20-.30% 
were obtained in the coupling of equimolar amounts of N-trityl-L- 
asparagine vith amino acid esters at room temperature, the use of exce.ss 
rityl-L-asparagine at —10° gave yields of 82-90%. 22 = 

asic Amino Acids. N,N -Dicyclohexylcarbodiimide gives satis- 
ac ory results v'ith lysine, histidine, and arginine. Ditrityl-L-lysine,'" 
o ri y -L-hi.stidine,ii.« dicarbobenzyloxy.L-histidine, 8 ». 22 o dicarbocyclo- 
pentyloxy-L-histidine,>3 carbobcnzyloxy-m.benzyl-L-histidine,222-229 
carbobenzyloxy.L-arginine,«. 2 os and carbobenzyloxy nitro-L.argininc2>» 
have been employed for the synthesis of dipeptide intermediates. The 
• cope of the reaction with basic amino acids is better .shown by the coupling 

of carbobenzyloxy-L-arginyl-L-argininc with methyl L-prolyl-L-valinate in 

ben ’ ^°"^yl-L-tryptophylglycinatc in 80% yield,^^ and of carbo- 
lenjloxy-L-asparagmyl nitro-L-arginine ^ritli methyl L.valyl.i..tyrosyl- 

villdi r 70% 

oxvniirr, t ormation has been observed with carbobenzyl- 

Rneo • prc.sencc of N,N'-dicyclohexylcarbodiimide.23““ 

nemlv retention of configuration in 

experience with N,N'-dicyclohexyl- 
oxvrrl / ® ^ reagent. In three experiments in which carbobenzyl- 

yg yoy -n-phenylalaninc was coupled with ethyl glycinate in tetra- 
ydrofuran at room temperature, the dl mixture was obtained in yields 
was* • ' 1 /' 1^" 1 . respectively. At —.5°, only 0..5% of dl mixture 

w" lLtcd.231 temperature 12% 

^ Experimental Conditions 

°^'^‘=rmatiti8 in several laboratories have been ascribed 
,,, ! , ° exylcarbodiimidc; mo.st chemists are not susceptible. 

Sl^'i'vnLn"'nf”‘™*v 1057, 1.S73. 

\O.A.. SS.nmia’rl ^><"50^. BuII. ahem. .SV. .Japan. 31, 020 (ICf-S) 

- C'hcm..Scamt.. 12, 1(1.7., (,,,.78). 

SchncKl.T.'^.l^n* SSOriGMlfl.T’a)""''™*" ""’’"'‘I"''"" ‘ho imidnzoli- rinK. Wielund niid 

(ln.78)^ ''’"''*'^'^’ ninik'T. Hiltcl. nnd Zubor, Hetv. Chim. Ada. 41, 1273 

AwU-Z'7‘' T'n eVicm. rf- J„,l. (J^om/on), 1980, 12B8. 

And, r»o., nnd Cnllnban, ./. Am. Chem. Soc.. 80. 2002 (1958). 
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Amino acids and their esters may be used as the amine component in 
syntheses with carbodnraides, but, as with other mixed anhydrides, the 
yields of products are lower with the acids than with the esters.*” 

Smee the reaction of the ammo acid (or peptide) ester with the a- 
acylamino acid-carbodiimide adduct is mtermolecular whereas the re- 
arrangement of the adduct to the acylnrea is intramolecular, the volume 
of the solvent should be kept to a minimum to favor formation of the 
peptide intermediate.*®* 

In general, for one equivalent of a-acylamino acid there are employed 
1.0 to 1.25 equivalents of carbodumide and 1 0 to 2.0 equivalents of 
amino acid ester. The reaction is allowed to proceed for 4 to 18 hours at 
room temperature. Carbobenzyloxy-L-leucyl-L-valine reacts more slowly 
than carbobensyloxy-L-Ieueine.*** 

N,N'-Dicyclohexyloarbodumide may be prepared by treatmg N.N'- 
dieyclohexylthiourca m carbon disu16de with mercuric oxide *’* The 
reaction is complete in about an hour, and the product is isolated by 
distillation in 86% yield It is a crystalline solid and may bo stored in 
a refrigerator until needed. It is commercially available As a practical 
point, if the mercuric oxide faib to react with the thiourea, heating the 
oxide overnight at 70® will activate it. 

The requisite dicyclohexylthiourea is prepared by heating cyclo- 
hexylamine and carbon disulfide in ethanol containing a small amount of 
potassium hydroxide.*** This reaction requires 24 to 48 hours.*” In 
this laboratory the reaction time has been shortened by preparing the 
dithiocarbamic acid cyclohexylammonium salt in ethanol, recovering the 
salt by filtration, and heating it for 1 hour at 185°. The thiourea, 
rccrystallized from ethanol, is obtained in 77-78% yield by this procedure. 

An alternative and very simple procedure involves reaction of N.N'- 
dicyclohexylurea with pyridine and tosyl chloride.*”"**® By this method, 
the urea formed in peptide syntliesis may be recovered and reused, if 
desired. By use of 1 equivalent of tosyl chloride the synthesis of l-cyclo- 
hexyl.3-[2.morpholinyl.(4)-ethyl]carbodiimide (LIII) may be aehiev^. 

The preparation of carbobenzyloxydipeptide eaters in about 60 ^ yic 
by heating a carbobenzyloxyaroino acid and an amino acid ester in tetra- 
hydrofuran in the presence of cyanamide or its substitution products such 


•“ Oksw*. Bull. Chtm. Sec, Jajur’i, 31> ** 
*** Schmidt, llitzlcr. mnd Lshde. Btr . 71* 
“• Skit« .nd Rolfcs. Dtr . 53, 

Amiard and Hcjmie*, Bull pec cAtm, f 
Amurd, »nd Velloi. US p«« 

*** Amiard. Kcymdd. ind Vcllu*. Tp p*t 
(1»5S)]. 


(ISSSI. 

ISSS (ISSS) 

Vaorr. 19S8. 1 

S.TSrJtO (t*lTLAFl(C-* • 
l.isi.ssa (to VCL.AF) [flo" 


*“ Fr put. 791, «89 (to 


52. ««r(193S)). 
ISO. 937 


UCLAF) (I05SJ. 
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rLdufsent'nlT ^ by-product may not be 
NN'd' 1 h "^1 ^^^srmediate. In these cases 

Jlfbi W by carbodiimides .vdth 

ethyl]earbodifmidf'(Lni) 

:=ir t: ‘^t 

.n Z? aoM^ “Zr "’" f™ oarbodiimide is solubls 

arbodZZ ; t ’'“'" *» “ “'“W” in Baalo 

carbod,.m.do. such as LIII can be used directly ,rith the amino acid ester 


CoHjCIIjOCONHCHjCONHCHCO H 

I 

CH^C^H, 


2H + ClHjNCHjCOjCjHs + 


CH.CH, 

/ CH.CH, 


CHj CHN=i 

s / 
CH 2 CH 2 


/ ^C=NCH 2 CH.N o ■ 


LIII 


CH2CH2 

CjHjCHjOCONHCHjCONHCHCONHCH, 


aCOsCjHj + LIII-HCl 


CHjCeHs 


diimides Imving a' preferred solvent for carbo- 
of an amino acid ester is used^ Z f bydrohalide salt 

added. Carbodiimides l.ea • ’ '^‘^‘“valent amount of triethylamine is 

2 days at room temperature for e *itom require about 

lower yields of nmrli ^ n. ompletion of the reaction and tend to give 
substituents.^”^ ° ° ^^rbodiimides bearing tertiary amine 

in water unchanged after 7 hours 

in the presence of wnto products with this salt is lower 

carbodiimides. Howeve ^ 1 '**^*' cither basic or other quaternar 3 ' 

pared in 75% yield in \ ^ ®yJglycylglycine ethyl ester was pre- 

end do not react irith°a'!^ii^’(f ■‘^‘cyclohcxylcarbodiimide are fairly stable 
However N-(N-enrT 1 e.stcrs, at least under mild conditions, 

with cyclobexvlamino^Tr*' .°;’"y®'y®y'b^’^’^^'''^bp-tolyurea reacts readily 
and di-p-tolylurea. Otlief'*^ “rbobcnzyloxyglycine cyclohexylamide 
reaction.”! * ' carbodiimides mn3' undergo a similar 

n. «!. (injc. 
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saponified by refluxing it for 6 minutes «it!i 8 ml. of 20% mefhanolic 
potassium hydroxide and 2 ml. of nater The solution is diluted with 
30 ml. of water, cooled, and acidified mth acetic acid to precipitate the 
crude acid which, after drying at 100°, weiglis 6 5 g (8C%). 

The trityl groups are removed by warming the ditrityl peptide for 
15 minutes on a water bath with 60% aqueous acetic acid. The solution 
is then diluted with an equal volume of water, cooled, the tnphenyl. 
carbinol removed by filtration, and the solution concentrated. Crystal- 
lization 13 induced by the addition of ethanol. After crystallization from 
dilute ethanol and drying at 110°, L-histid^l-L-lcucine is obtained in 03% 
yield, m.p. 245° dec. , [a]p + 13° ± I (c = 2%. A’ HCl), [«]„ -41.5“^: 

2 (c = 1%. 0 lA^NaOH). 

Cyclo-glycyl-i.-leucylglycyIglycyl*i.-leucylgIycyl.'‘’ A solution of 
500 mg. of glycyl-L-kucylglycylglycyl-L-leucylglycme in s mixture of 
100 ml. of water and 400 ml. of methanol « cooled to —3° and 2 g. of 
N.N'.dicyclohexylcarbodiiro»dc is added. The rcocfion mixture is 
allow ed to stand for 3 days at -3* and then for 3 days at room tempera- 
turo. The methanol is removed m vacuum and the excess carbodiimidc 
converted to N,N'-d(cyelohexyIurca by the addition of 5 ml. of glacial 
acetic acid. The urea is removed, and the solution is concentrated to 
about 20 Dll. The solution deposits while crystals upon standing. 
Those are collected and rccrystallized from hot water to give 100 mg. 
(*7%) of the cyclohcxapcptide monohydrate melting with decomposition 
above 320*. 

KF.TENIMINES 

Mechanism 

Ketenimines resemble carbodiimides An and will add to a ketenimine 
LIV to give an isoimide LV which rearranges to a diacyhmide l.\ !.*•>-»«» 
lloth the isoimide LV and the diacjUmide LVI are acylating agents. 
Thus X-phthaloylglycyldiphenybcelic add p-toluide (LVIj reacts with 
ethyl glycinatc to give ethyl phlhaloylglycylgUeinnte ond N'-(p-tolyI).l.. 
phenylaeetamide. Other adducts of a-acjlamino acids and diphcnyl- 
kctcnc-p.tolyhminc (LIV) behave in the aame fashion the reverse 
cleavage to give a diplieny lacetylamino acid ester has not Wn o Wrvcl >** 

If the ketenimine is addeil to a mixture of the aeid and amine, some of the 
•eylatjon undouhfetlly proceeds via the isoimwle ’** 

Momiov. mnU Zhrno.l«TO... IKlMy ««* SomkSSJf II. 111. •> I'’ • M- 

119391). 

Bl»«rni.,n,! Munk J rilrm .?«• $8. 40« CI»1S) 
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as diethj]-, diplienjl-, or dibcnzyl-c3'anainidc lias been reported, but 
details are lacking.='i 


Experimental Procedures 

N,N'-Dicyclohexylcarbodiimide“- J. Preparation of N ,N'-Dicyclo- 
icxij urea. A mixture of CO g. of urea and 240 g. of cycloliexylaniinc is 
lea e un er reflux for 20 iiours in 480 rnl. of isoam}’’! alcohol. The solution 
9nn°° '!ooo/? collected, ivashed ivitli diethj-l ether, and dried to give 

200 g. (89%) of product, m.p. 234°. 

With 7!-amyl alcohol as a solvent, yields of 94% of N,N'-dicyclohexylurea 
were obtained. /o , j 

f ^ ^ ■•^’ciyc/o7ica:i//c«riorfti»iirfc. A solution of 200 g- 

rno 'i and 300 g. of p-tolucnesulfonjd chloride in 

600 ml. of pyridine is stirred at 70° for 1 hour and then poured onto 1.5 kg. 

ia f 1 ^ taken up in ether. Some insoluble material often 

hPvT f V ^ probably l,3-dieyclohexy]-2,4-bis(cyclo- 

filtered if necessary, are 

of N -M' ? "°''“»trated, and distilled to give 152 g. (82%) 

orvstaiv' b.p. 148-152°/11 mm. The product 

crystallizes readily, m.p. 35°. ^ 

solntirvn To a 

and Pi8v1 quantities of carbobenzyloxyglyc 3 d-L-phenylalanine 

ethyl glycmate in tetrahydrofuran is added sTightly more Ilian one 
^owedT"! ^ N,N'-dicyclohexylcarbodiimide. The solution is 

amoTinl 1 temperature for 4 hours, treated with a smaU 

removed +u ^ decompose the excess reagent, the insoluble urea 
solution ’i«” . 1? replaced by ethyl acetate. The ethyl acetate 

notassinm dilute hydrochloric acid and -with aqueous 

87“/ viplrl petroleum ether added. Cliilling affords an 

m.p! 118-119°- ethyl ester; 

TT- t 'Jd —14.5 (in ethanol). 

in metbvlp^ ^ a solution of 1.69 g. of methyl n-Ieucinate 

hexylcarLdfimii 

to 0° ar^r^ R A r -nt ^ Same solvent. The solution is cooled 

reaction mi-irt ^ ’n "‘^^t^tyl-L-histidine is added with stirring. The 
0 5 ml of lowed to stand overnight at room temperature, 

dicvclohev^i*^ aci added to destroy the excess carbodiimide, and the 

and nnnnt. t + 1 A . aqueous ammoma and with water, dned, 

nd concentrated to give crude ditrityl-n-histidyl-n-leucine ester which is 

Losso and eddige, Angew. Chem., 72, 323 (1960). 
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Mponified bj n'lliixinj' it for 5 minutrH with 8 ml of 20% methanolic 
potn^aicm iiydroxide «nd 2 ml of water “nie solution n diluted with 
30 ml of water, cooled, and aeiddied with acetic acid to precipitate the 
cnide acid wliieli. after drung at 100 . neiphsOSg (86%), 

The tntj'l groiijM an* remuxed liy warming the ditntyl peptide for 
15 minutes on a water bath with 50% atjurous acetic acid The solution 
IS then diluted with an equal volume of water, cooled, the triphenyi- 
earbinol removed by filtration, and the solution concentrated. Crystal- 
lization b induced by the addition of ethanol. After crystallization from 
dilute ethanol and dr_i mg at 110''. i.-hMtidjl-L-!cucine is obtained in 93% 
Jiclil.mp. 215-doc , [a|„-t 13“ + 1 (e = 2*’i. A’ IICl), [*]d - 41.5° ± 
2(c« 1%, O.l.VNaOH) 

Cjxlo-g|ycyI-L-leucylfilycylfiIyc)l-L-leucylglycyl.“* A solution of 
500 mg of glycyl-L-lcuejlglycylglycyl-t-lcucylglyemc m a mixture of 
100 ml. of water and 400 ml of methanol w cooled to —3° and 2 g of 
N’.N”.dicyclohcxyIcarbodiimidc h added. The reaction mixture is 
allowed to stand for 3 da^aat -3° and then for 3 days at room tempera- 
ture. The methanol is remoxed m vacuum and the excess csrbodiimide 
conrerted to N’lN'-dicyclohexylotea by the addition of 6 ml of glacial 
aectic acid. The urea is removed, and the solution is concentrated to 
about 20 ml. The solution deposits white crystals upon standing. 
These are collected and reeo'Stallized from hot water to give 190 mg. 
(47%) of the cyclohexapeptidc monohydrate melting with decomposition 
above 320*. 

KETENIMINES 

Mechanism 


Ketenimines resemble earbodiimides. An acid will add to a ketenimine 
LIV to give an isoimido LV which rearranges to a diacylimide 
Both the isoimide LV and the diacylimide LVI arc aoylating agents. 
Thus N-phthaloylglycyldiphenylacetic acid j»-toluide (LVI) reacts with 
ethyl glyeinate to give ethyl phthaloylglycylglycinate and N-(p-tolyl)di- 
Phenylaeetamide Other adducts of a-acylammo acids and diphenyl- 
ketene-p-tolyhmine (LTV) behave in the seme fashion, the reverse 
cleavage to give a diphenylacetylaminoacid ester has not been observed. 

If the ketenimine is added to a mixture of the acid and amine, some of the 


acylation undoubtedly proceeds via the isoimide.***' ***• *** 

•“ Mororovs .nd Zhenpdsrov.. ZJeKrfy AM A«» SSS F . US. 93 (1959) [C A . 53. 
199Ue (1939)) 

Sl.vens .nd Munk. d .4>n 5 m . 80. 40SS (19S8) 


Ch,m S«c 80. «S» (19S8) 
and Caster, AbutrMt No 519. 


HandLoot. XIV 
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CjHs 

\ 

0: 

/ 

C»Hs 


LIV 



''cHC=SrCeIl4CH3-7) 




00 


O— CCH.N 



O 

LV 


00 



^oo 


\ 

OHOONOeHjOHs-p 

/ 

C.Hj 



HjNCIIjCOjC.Hs 


OcHs 

\ 


7NCHJCONHOH2CO2C2H5 + OHCONHCeH^OHj-p 

'00 / 

C«H5 


Scope and Limitations 

The principal difference between the carbodiimide and the ketenimine 
method is the stability of the intermediate acylating species. Adducts 
of diphenylketene-p-tolylimine with phthaloylglycine, carbobenzyl- 
oxyglycine, phthaloyl-/9-alanine, and phthaloyl-DL-methionine have been 
isolated, purified, and stored.^^* No evidence of disproportionation has 
been observed.^^® N-Carbobenzyloxy-S-benzyl-L-cysteine and N-carbo- 
benzyloxy-L-asparagine have been used for peptide synthesis without 
isolation of the adducts.^^* PhenoxypenicUlin has been synthesized by 
closing the ^-lactam ring with pentamethyleneketene cyclohexylimine.^®® 
Amine components for peptide synthesis have been ethyl glycinate, 
ethyl glycylglycinate, ethyl L-leucinate, methyl L-tyrosinate, methyl 
S-benzyl-L-cysteinate, ethyl j3-aminobenzoate,^** and ethyl DL-threo- 
nate.^^®"®*’ The use of sodium salts of amino acids or peptides as the 
amine component has not been reported, but yields below the 45-77% 
obtained with esters of the amino acids and peptides in inert solvents 
would be expected. The presence of water or ethanol has been foimd to 
reduce yields because it interferes Avith the initial addition reaction.^^*’^*® 
The effect of water on the amide-forming step has not been determined. 


Stevens, U.S. pat. 2,820,781 (to Parke, Davis) [C.A., 52, 10181b (1958)]. 
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The extent to which raceraization may occur is not known. 

The separation of the N-(p-tolyl)diphenylacctamide from the aoylamino 
peptide ester may present problems. With methyl N-carbobenzyloxy-S- 
benzyl-L-cysteinyl-L-tyrosmate the difficulty was overcome by saponifying 
the peptide ester The ester group of ethyl phthaloylglycyl-L-leucinate 
was removed by acid hydrolysis.*** Structural modification of the 
diphenylketene-p-tolyliraine by introduction of solubilizing groups should 
eliminatesomc purification problems, aait has with the csrbodiiraides. **’•*’* 

Aej’lated pipcrazinedioncs also possess a diacylimide structure. 1,4- 
DiaeetyI-2,5-pipcrazinedionc reacts with methyl and ethyl glycinate to 
give the corresponding acctunc esters,*** the corresponding l,4-bi8-(N- 
phthaloylglycyl)-2,5-pipera2inedione'“ has not been used for peptide 
synthesis. 

Experimental Conditions 

Preparation of the Ketenlmlne. Tan convenient methods are 
available for the synthesis of the ketenimme. Benzilio acid is converted 
to diphenylketcne-p-tolyhmme in 60% yield by n four-step synthesis as 
shown below. The key step m this synthesb is the smooth dehelogenation 
of the «-chJoroimido chloride with sodium lodAie in seetone.*'* 


(C,H,),CCONKC,n,CH,-p 

I 

a 


(C,nt>,C--C=NC,H4CH,-p 

i I 

Cl Cl 



(C,H,>,C-=C=-NC,H4CH,-j> 


The ketenimine is obtained as the yellow crystalline monomer It 
reacts only slowly with aqueous acetone but is rapidly hydrolyzed in the 
presence of hydrochloric acid. 

The same ketenimine may be prepared from diphenylacetic acid in a 
three-step synthesis proceeding through W-(p-toIyI)diphenyIacetamide 
and N-(p tolyl)diphenylacetiinido chloride. Dehydrochlonnation of the 
latter compound with tnethylamine gives the ketene in 65% yield baaed 
on amide.**® 

»• Fetrovo. Akimova, and Oainlov. Zhar S*- (>SS4) [C A , SO. 

(1956)] 

»• Stevans and French, J. Am Chrm . 75. SST (I9S1) 

•>e Scevena and French, J. ,4m Ckem-iSac . 7«. 43SS (19S4). 
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Cl 


(CjH.l.N 

Y 

(C.II. :.VC,n,CH3-p 

DipIu!iiylkftoiit‘-;)-tolyliiiuiif is the most suitable ketenimiiie thus fur 
ex])lore(l for pejitide synthesis. Ease of ])reparation from available start- 
ing materials, stability, and cleavag(? of the intt-rmediate diaeylimide in the 
desired direction are the prineijjal factor.s for this ehoiee. 

Preparation of the Mixed Imide. 'I'o prepare the diaeylimide, a 
solution of one equivalent of dijihenylketene-yj-tolylimine in an inert 
solvent such as benzene, tetraliydrofuran, or methylene dichloride is 
refluxed with one eqiuvalent of an a-acylamino acid until the yellow color 
of the ketenimiiie is discharged. Up to hours are needed. At room 
tcmjicrature, 2 or .1 days are required. Uydro.xylated solvents result in 
lowered yields, Ihe adducts may be used without isolation, or may be 
i.solated by evaporation of the. solvent and recrystallization of the residue.-** 
Although diacylimides are subject to nlcoholysis,='^ the adduct may be 
reory.stallizcd from ethanol. 

Amide Formation. A solution of one equivalent of ketenimine with 
one equivalent of an a-acylamino acid or of the jircfonned adduct prepared 
from them is treated with one equivalent of amino acid or peptide ester 
in a solvent such as benzene, methylene dichloride, or tetraliydrofuran. 
The hydrochloride of the amino acid c.stcr may be u.sed if at least one 
equivalent of triethylaminc is added. The reaction is usually complete 
after heating under redux for 2 or 3 hours. However, with ethyl ji-amino- 
benzoate a reaction time of 44 hours was ncccssary.=**-=*‘ If the a- 
acylamino peptide ester precipitates from the reaction mixture it may be 
recovered by filtration and washed with water to remove tricthjdaminc 
lydrochloride, if present. If the product docs not precipitate, transfer 
to another solvent may be attempted or the crude reaction mixture may 
be employed in the next step. 


Experimental Procedures 

N-Phthaloylglycyldiphenylacetic Acid p-Toiuide.^*^ A solution 
of 2.0 g. (7.1 mmoles) of diphenylketene-p-tolyliminc and 1.5 g. (7.1 
mmoles) of plithaloylglycine in 35 ml. of benzene is heated under reflux 
until the yellow ketenimine color is discharged. The solution is then 
evaporated to dryness in vacuum and the solid residue, m.p. 168-170°, is 
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recrj-stallized from hexanc-acetone to yield 3.2 g (92%) of adduct, m.p. 
179.5-180 5°. 

Ethyl Phthaloylglycylglycylglyclnate.*** To a solution of 1.0 g 
(2.1 mmoles) of N-phthaloylglycyldiphenylacetio acid p-toluide in 10 ml. 
of methylene diehlonde is added, with stirring, 0 4g. (2.1 mmoles) of 
glycylglycme ethyl ester hydrochlonde and 0.5 ml. (3.3 mmoles) of 
tncthylamine. The mixture is stirred and heated for 9 hours, during 
which time the amount of suspended solid increases. The white solid is 
then separated by filtration, washed with water, and dried to give 0.35 g, 
(49%) of the tripeptide, m p 221-222°. Rccrystallization from water 
raises the melting point to 225-226° 

Ethyl Phthaloylglycyl'p-aminobenzoate.‘*' To 15 ml. of methylene 
dichloride are added 1 09 g (3.5 mmoles) of diphenylketene-p-tolylimine, 
0 8 g (3 9 mmoles) of phthaloylglycine and 0 6 g (3 6 mmoles) of ethyl 
p-ammobenzoate. The mixture is heated under reflux for one hour and 
forty minutes, although the yellow Jtetenimine color is completely dis- 
charged after fifteen minutes The solution is evaporated to dryness In 
vacuum and the solid residue rccrysuHized from benzene to give 0.95 g. 
(77%) of dipeptidc, m.p 204 0-205 5°. 


KETENES AND ISOCYANATES 

Both ketones and isocyanates react with carboxylic acids by 1,2 addition 
followed by rearrangement to mixed anhydrides However, these 

R, R, Hi 

\ \ \ 

c=c=o 4- ii.co,ii-> C!=«coh-» cn — c«o 

/ / I / I 

n. K- o R, o 

■ I I 

R,CO R,CO 


Il,N=C=0 + R,CO,U-* B,N=C — OH RiNItC=0 


R,CO n,co 

mixed anhydrides have not yet been used for peptide synthesis. With 
ketene the mixed anhydride is the same as that obtained from the more 
readily accessible acetyl chloride, and with diphenylketene the anhydride 
IS that obtained more conveniently from diphenylacetyl chloride. 

Acyl carbamates derived from isocyanates have been used for the 
synthesis of amides but not of peptides A useful peptide synthesis 
N.egcU and Tyabji. ffelv Ciim ArU. 17. 9SI (1934). 18. MS (1933). 
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has been developed using certain isocyanates obtained from esters of 
amino acids. An acylamino acid and such an isocyanate react to give an 
anhydride which rearranges to a peptide. The rearrangement is 
base catalyzed. 

OoHjCHjOOONHCHaCOjH + 0=C=NCH2C02CH3 -> 

Pyridine 

C0H5CH2OCON11CH2COOCONHCH2CO2CH3 )- 

C„H5CH20CONHOH2CONHCH2C02CH3 + CO 2 


ACETYLENIC ETHERS 

Organic acids add to acetylenic ethers to give intermediates LVII which 
behave as mixed anhydrides, for a second mole of acid may be added to 
give an anhydride and an alkyl acetate. The same products would 
result if the acid anion attacked the carbonyl group of the adduct.“‘’®> 


1IC=C0CH3 4- RiCOjH H2C=COCH3 

I 

0 

1 

RjCO 

LVIl 

(RiCOljO + CH3CO2CH3 



iijucnncoscu, 

R1CONHOHRCO2OH3 

+ CH 3 CO 2 CH 3 


An amide would he expected as the product from the reaction of the 
adduct with an amine. Arens realized this expectation by preparing 
peptides from methyl ethinyl ether with esters of amino acids.®^^’®^® 
The by-product is methyl acetate. 

The method has been used to prepare di- and tri-peptides in which the 
acylating species have been glycine, alanine, /9-alanine, valine, leucine, 
isolcucine, prolinc, S-benzylcysteinc, phenylalanine, tryptophan, tyrosine, 
lysine, and glutamic acid. Yields have ranged from 34% to 100%. No 
pure products could be isolated in attempts to prepare ethyl carbobenzyl- 
oxy-DL-serylglycinate or ethyl carbobenzyloxy-r.-tryptophylglycinate.^'^’ 

Phthaloylglycine reacts with glycine ester in water in the presence of 
ethyl ethinyl ether to give ethyl phthaloylglycylglycinate and a neutral 

■'* Goldschmidt nnd Wick, /Inn., 575, 217 (1952). 

Arens nnd Moddermnn, Proc. KaninVl. Ned, Aknd. }yeten/(chap., 53, 1103 (1950) [C.A,, 
45, 0162d (1951)]. 

’** Eglinton, Jonon, Shnw, nnd Whiting, CAcm. 5oc., 1054, 1800. 

*** Aren*«, Ilec. trav. cAim., 74, 700 (1956). 

*'• Arcnfl, /’MfflcAr. Arthur Stoll, 1957, 4G9[C,A., 62, 164 Uo (1058)]. 
rnnn»-Tnnn, Mnnc, and Arons, Rrc, trav. cHim., 78, 487 (1059). 
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product assigned structure LVIII. The latter product reacts with ethyl 
glycinate in dioxane at SO® togive 80% of ethyl phthaloylglycylglycinate.*** 
on O 

I J ^NCU,COCOC,Ui 

IVIH 

Although mercuric salts accelerate peptide synthesis with acetylenic 
ethers, less pore products are obtained than in their absence.**’ 

In the synthesis of peptides by this method, raeemization has been 
encountered but can be decreased considerably by the selection of suitable 
reaction conditions.*** Carbobenzyloxyglycyl-L-phenylalanine reacts with 
ethyl glycinate hydrochlonde in the presence of ethyl ethinyl ether in 
boiling ethyl acetate to give a product which is racemized to the extent 
of 45%. When ethyl glycinate is substituted for the hydrochloride, no 
raeemization is observed in the product. However, the recovered 
carbobenzyloxyglycyl-L-phenylalanine is racemized to a slight extent. 
Carbobenzyloxygtycyl-i.'phenylalanine and carbobenzyloxyglycyl-L- 
leuelne are racemized by refluxing with ethyl ethinyl ether in ethyl 
acetate.**’ 

Carbodiimides, ketenlmmes, and acetylenic ethers have all been used in 
the total synthesis of peniciUin V The catbodiimide method gave the 
beat yield.*** N,N'*Dicyciohezylcarbodiimide is commercially available 
and ketenimines are readily prepared by nenly developed methods, but 
acetylenic ethers are not so accessible. The method of preparation of 
ethyl ethinyl ether appearing in OTgan\c .SynfAesee**® involves the reaction 
of sodium amide with chloroacelal The reaction has been characterized 
as hazardous unless the directions are closely followed,*** and it does not 
always give reproducible results. More satisfactory routes for the syn- 
thesis of ethyl ethinyl ether appear to be the treatment of chloroacetal 
with potassium persulfate and then potassium hydroxide, ******* or the 
broniination of ethyl vmyl ether followed by dehydrobromination *•*• *‘* 


Experimental Conditions 

Three general procedures for peptide synthesis with acetylenic ethers 
have been developed. In the first, an ammo acid ester is powdered with 

•“ Shpehan and Hlarica, ] Orj Chtm , Z3, S3S (IB5S) 

.rena, .rnjrew. CA<m , 70. ASI (1058) 

onei. Egbnton, WhiUng. »nd Shaw, Org SgnAtstt. S4, 46, 1934 
.retis, V©et«p, and do Boo?. Pte Iraw rStn , W, 753 (1938) 
an Dorp, Arena, and St«phenaon. Bk Im ekn . 70, 239 (1951) 
jrjiA.-Rrr- rhxm,’)K 271/1955) 

aiarov. Kraanaya, and Vinogradm. Zkvr. OMatal Khxm . 28. 460 (1958) (C A . 62, 
eilg (1938)J 
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a 5-10% excess of an a-acylamino acid and four or five molar equivalents 
of an acetjdenie ether added. If a spontaneous reaction does not occim, 
a drop of water or of N hydrochloric acid is added to initiate the reaction. 
This procedure is rapid, but it does not give the best jdelds.^^’ 

The second method differs only in that a solvent is emploj'ed. Ethyl 
acetate containing 0.5% water is greatl}' superior^®^ to other solvents such 
as diethyl ether, chloroform, methylene dichloride, dimethylformamide, 
dioxane, nitromethane, and ethanol,^®^*^®® which have been used. Aceto- 
nitrile is sometimes a good solvent. Anhydrous ethjd acetate requires 
longer heating than moist ethyl acetate and the products are less pure. 
The reaction mixture is heated under refluxing conditions until solution 
occurs, but not longer than 3 hours. Closed reaction vessels have been 
used in some instances because of the low boDing point of the acetylenic 
ether. 

When racemization is a problem, a third method is emploj^ed. The 
free amino acid ester is heated under reflux with a p.hght excess of a- 
acylamino acid and four to five equivalents of ethyl ethinyl ether in 
moist ethyl acetate for IJ to 2 hours. 

Experimental Procedures 

Benzyl Carbobenzyloxy-L-valyl-L-tyrosyl-L-prolinate.^^' A mix- 
ture of 10.4 g. of carbobenzyloxy-L-vatyl-n-tyrosine, 5.8 g. of L-proline 
benzyl ester hydrochloride, and 7 g. of ethyl ethinyl ether in 200 ml. of 
moist ethyl acetate {5% water) was heated under reflux for 2J hoiu^. 
The mixture was cooled for 18 horns and filtered to give 8.9 g. (61%) of 
carbobenzyloxjrtripeptide ester, m.p. 186-188°, — 40.6° (c = l%, 

pyridine). 

Ethyl N-Garbobenzyloxy-S-benzyl-u- cysteinylglycinate.-®® An 
ethyl acetate solution of N-carbobenzyloxy-S-benzyl-i.-cysteine, ethyl 
glycinate, and ethyl ethinyl ether in the molar ratio of 1 : 1 : 2 was heated 
at 60° for 3 hours. The reaction mixture was then washed successively 
with 2N hj'drochloric acid, water, 2N sodium carbonate, and water. The 
ethyl acetate solution was dried and concentrated under reduced pressure, 
and the residue crystallized firom ethyl acetate and petroleum ether to 
give 90% of product, m.p. 98°, —26.5° (c = 6%, glacial acetic acid). 

Cyclo-glycyl-i.-leucylglycylglycyl-i.-leucylglycyl.^^^ To a solution 
of 500 mg. of glycyl-L-leucylglycjdglycyl-L-leucylglycine in 500 ml. of 
methanol at 20° was added 1.75 ml. of eth3d ethinyl ether. The reaction 
mixture was allowed to stand for 1 week at room temperature and was 
then heated and stirred for 3 hours at 40-45°. The methanol solution 

Arens, U.S. pat. 2.793,204 (to X.V. Organon) 51, 16522i (1957)]. 

Brit. pat. 791,791 (to X.V. Organon) [C.A.. 52, 16240! (19.58)]. 
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was concentrated in vacuum to a small volume and diluted with 15 ml. of 
water The white crystalline precipitate that separated on standing 
was collected and recrystatliaed from hot water to give 52 mg. of material, 

dec. > 320°. Itwasmsolublein2A^h3rdroeh!oncacidorsodiumhydroxide 

as well as in most organic eolvents, and it gave a negative ninhydrin test. 
The yield of cyclohexapeptide monohydratc was 11.2%. 

ETHYL «-CHLOROVINYL ETHER AND a,a-DICHLORODIETHYL 
ETHER 

An a-acylamino acid and the ester of an amino acid hydrochloride will 
react in the presence of ethyl a-chlorovinyl ether (LTX) or *,ci-dichloro- 
diethyl ether (LX) to give an acyldipeptide ester, hydrogen chloride, and 
ethyl acetate.**’ 

Cl Cl CT 

I I I 

n,C«COC,H» CII.COCjU, C«,COC,H, 

lix I I 

a ococnitNHCoB 

l.\ LXJ 

The reaction is believed to proceed through the hypothetical intermedi- 
ate LXI which decomposes to give the *.acy3araino acid chloride, the 
active acylating species. The acid chloride may be isolated if the amino 
acid ester hydrochloride is not added to the reaction mixture. 

The requisite a-chloro ethers LIX and LX are obtained by addition of 
one or two equivalents of hydrogen chloride, respectively, to ethyl 
ethinyl ether. In general, better yields result and shorter reaction times 
are required with tlie dichloro ether LX than with the monochloro ether 
LIX. When using the monochloro ether superior results are obtained 
if the reaction mixture is allowed to stand at room temperature over- 
night before heating under reflux. For example, ethyl carbobenzyloxy- 
glycylglycinate was prepared in 60% yield when the reactants were 
heated immediately after mixing, and in 91% yield when they were 
allowed to stand at room temperature before heating. At room tempera- 
ture the hydrogen chloride liberated during peptide synthesis probably 
converts some of the a-chlorovinyl ether to the dichloro ether, so that 
part of the reaction then proceeds via the dichloro ether, The correlation 
between reaction time and refractive index of the ether supports this 
proposition. 

Scope and Limitations 

Both the carbobenzyloxy and phthaloyl derivatives of glycine, l- 
alanine, L-leucine, L-phenylalanine. and carbobenzyloxy-L-valine have 
been used as the acid component. The amine component has been ethyl 
HesUngs Ar.nfc B^c . 78, #8* (1957). 



oo*» 


OKOANK' liKACrriONS 


glycinnto, ethyl i.-j)henylnlmiinnle, and ethyl plycylglyeinnte. Satis- 
factory yields with enrhohejr/.yloxy amino acids were obtained even 
though their acid ehlorides decomposo wlien heated. It is unlikely, 
however, that either carho-/-hutoxy or trifyl amino acids r^ ill .survive an 
attempt nt pejitide .synthc.si.s using the a-chloro ether methotl. 

The reaction of an a-acylnmino acid chlori<le with the ester of nn amino 
acid hydrochloride hy heating under refluxing conditions in ethyl acetate 
appears to ho general."*' 

Although optically pure carhohenr.yloxy and jdithaloyl dipeptide e.stcrs 
were prepared hy the a-chloro ether procedure, racemization would 
])robably be encountered if nn ncyldipeptide were used ns the acid 
component. 

Experimental Conditions 

A suspension of one ecpiivnlent of the ester of nn nniino ncid hydro- 
chloride in ethyl acetate is nllowed to react with 1 .fl molar cquivnlcnts of the 
carbobenzyloxy- or jdithaloyl-amino ncid and three to four molnr equiv- 
alents of ethyl a-chlorovinyl ether for 1 2 to 24 hours nt room tonipcmturc, 
and is then heated under refluxing conditions. Generally completion of 
the renction is indicated by formation of n clear solution. If solution docs 
not occur after 0 hours, the reaction is stopped. 

The procedure using a,a-dichlorodicthyl ether differs only in the shorter 
reaction time, 4 to li hours. 

The reaction maj- be conducted u-ithout n solvent by intimately mixing 
equivalent amounts of the acid and amino acid c.stcr hydrocliloride, 
adding three to four cquivnlcnts of a-chlorovinyl ether and lienting to 
80-110'’ for 10 to 20 minutes. A vigorous renction occurs. Ethyl acetate 
is then added and the mixture heated under refluxing conditions for 4 to 
1 hour. 

The product is isolated bj’ washing the reaction mi.xture with water and 
with aqueous potassium carbonate, drjing, diluting witli he.xnne, and 
chilling. 

a-ACYLAMINO ACID PHENOLIC ESTERS 

Several phenolic esters of phthaloylglycine have been condensed with 
ethyl glycinate in boiling benzene to give ethjd phthaloylglycylglycinate.^*® 

Phthaloylglycine Reaction in Phth.Gly.Gly.OC-Hs 

Ester 20 Minutes, % Isolated, % 


Phenyl 

27 

3 

Thiophenyl 

48 

31 

o-Nitrophenyl 

00 

70 

zn-Nitrophenyl 

98 

83 

p-Nitrophenyl 

95 

75 


”• Bodanszky, Nature, 175, 083 (I05S). 
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Scope ond Limitations 

T»\o method's of <i>nlh(~.o of phcnjl enters of *.acylnmino acids have 
ixTn (ivsf, namely the n-neiion of a mixed anhsilndc of an a-acylamino 
acid n ith a phenol ami the rearlion of an *-acylsmino acid w ith an acylated 
phenol, Tlie first jironsliiTe adds an extra step iinn? the a-acylamino 
aeid anhydride roiiM it^^lf be u«ed as an acyjafing agent 

Acid chlondM,"* *’* Rulfunc and anlijilndes,” mixed carbonates,*” 
phofiphonis oxychlontie.” thioglycolic esters, and dicyclohexyl- 
carbodiimidc*'* *” hare liecn uvst lo couple the a-acylamino acid and 
phenol. However, an attempt to eondcn.se an c-acylamino acid with 
aalicyUmule using dic>clohex>lcafl>o<liirouie failetl.*” There arc several 
advantages m the use of phenolic esters foe forming pcptido bonds (1) 
the phenohe esters, {wrtiailarty the p-nitrophcnjl raters, aro stable 
ctystalUne eompounds which may be stored until needed, (2) the phenyl 
eaters permit the use of the free ammo acid rather than it* ester and thus 
eliminate the need for purification of the product by countercurrent 
distribution, and (3) the group protecting the a-ammo function can be 
removed from the peptide without affecting the phenolic ester The last 
advantage I* especially useful in the synthesis of cyclic peptides. The 
eonrersion of a-acylamino acids to phenolic esters mlh carbodiimides 
avoids contamination of the final peptide with the N -acylurea w hich might 
bo formed if the carboiliimide were used directly for peptide eynthwis.*** 

The a>acylamino acid may be converted to a phenolic eater in one step 
by reaction with o tnaryl phosphite*’*-*’* or a diaryl sulfite.*’*'*’* It is 
believed that the reaction between an acid such as LXII and diphenyl 
sulfite LXni proceeds as shown. This formulation accommodates the 
observation that carbobenzyJoxyglycino and diphenyl sulfite in the 
presence of a five.fold excess of p-nitrophenol in pjTidine give 83% of 
p-nitrophenyl earbobcnzyloxyglycinalo and 8% of phenyl carbobenzyl- 
oxyglyclnatc.*’* In the accompanying formulas (see equation at top 
of p. 224) X is preferably a para nitro group, but it may bo a methyl- 
sulfonyl, cyano, or other negative eubstituent. 

Negatively substituted symmetrical triaiyl phosphites react witli tw-o 


Uanatky. ‘tela Ch.m. Ata^. Stt. Hint . !•. 3SS <I»ST) (C A . 82. 8I8S 

..UnJ and JaanicVt, Am . 889, l» (tess) 

iwytrr. Oar pat. 9ST.S4J (ur Obal (C A , U, iSOSle (1»SS)|. 

:ioll and Ituaaoll, PrM. flucArM Sae , fa. 4«p (W«J| 

the and KuniU, Am.. 609. SS (1957) 

rr and Niemann, J. Off Chm , 23. 893 (I9SS) 

Igian pat. 883,982 ((9 Ciba> (1952). 

Im. Rittel, Siaber. and Sehwytar, Ha, Cktm Atm, 40, STS (1987) 
iwyztr laelin Riehen, tlittal, and Swber. D8. pat 9.917,602 (to Cibi 
.wyzer and Siober, CAimlo >. 10, 99S (1958). 
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U('Of)- 

I.XIi 


or.H.x- 

i 

HCd-S—t)'- 


L (I o(',ji,x 

i.xin 

o o 


I{C-- ()--_S-OC.II,X XC.H.O 


HCOjd.M.X V so, -X. ' OC.H.X -X [ '0_s— OC.tl.XJ 

inolc,. of nn a-acylnmi.,,, ncid to pv,- f|„. aryl csfrr anr! prc.n.ml.Iv a 
inonoaryl pliosjxlifjroua rstrr.*"' 

It |vaH „otr,l i.rrvionsly (p, J-i) that pl.rnolir rstrr.s arc parfic.Inrlv 
tiscfn! for t hr synli.rs.s of ryrlic jK-pthlrs. Oramiridin S was lvnthr,.i«-d 

nlylAosyl.i.orn,thyl.i.dr,,cylo,.phca,ylahu,yI.^ hv ‘roovcn-ion to 
e p-n.trophcnyl r.strr with <li.p.nitro,,hrnyl sulfitr, ^ir’tritvlation with 

!o li ^”"”1 " -7 ’ Pyri-hnr. and drtosvlation with 

od nm .n hcpnd amn.on.a,— . A mnnhcr of cyelohrxapp.tidrs have 

hm. .s.rn. arly prepared The t<.ndrncy of prptidr.s havin, an odd 

n mb rofan,.noae.cModouhlronr 

‘1 ■" ‘V t-valyl-S-tosvI-PomithvI.r.. 

Icucj l-n-plionylalanyl-L-proline p-nitrophcnyl ester.-': 

.Lnd .Ita'r "■«» I.rc|.»ri.,l from the nilrophcnvl 

lorniAmKio or in pyndino.*"^ 


XlKCHjj.CO 


tco{cnj)jXii]„ii 

II - 11 or .VO, 


.N'H(CH,),Co 


[C'0(CIX,),XJJ] 


P-nitropIicnyl c.stcr reacts with 
- y ■ in aqueous tctrahj'drofumn to give 9% of acvldipeptide 
whereas the reaction with ethyl n-tyro.sinate followed by hydroh S 1-es 

ph^haWol Climcthylfomianiide to give 74% of 

phthaloylglyeylglycne; this is „,ore typical of the yield! ordinarily 

«’ c 88, SIS (1056). 

Jil n •, C/itrn. Actn, 40, 024 (10.57) 

' Br.t. pat. 836,725 (to Ciba) (1000). MIO-). 

Unt. pal. 8.10,720 (to Ciba) (1000). 
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obtained.**® Substitution of glycine amide for glycine in the above 
reaction leads to a 75-80% yield of phthaloylglycylglycylamide.**® 
Glycine phenyl ester reacts with alanme (configuration not specified) in 
the presence of bicarbonate, bnt not in the presence of pyridine. An 
oxazolidone intermediate was postulated to explain these results.*’® 


0=C=0 + C=0 — I \/ 

I C C *' 

OC.Hs / \ / \ 

.O O OC,H,. 

O,NCH,C0NHCII(CIl,)C0,H + CO, + C,H,OH 

The formation of 2,4-dimtrophenylamino acids from 2,4-dinitro- 
fluorobenzene and tlie amino acid in aqueous ethanol in the presence of 
sodium bicarbonate is accompanied by 2,4.dinitrophenyl dimers and higher 
polymers as by-products These results suggest that the 2,4-dImtro- 
phenylammo acids LXIV form with 2,4-dioitrofluorobenzene a mixed 
anhydride LXV Mhich reacts further with another molecule of amino 
acid. With c-amlnocaproic acid, evidence for the formation of a dinitro- 
phenyl pentapeptide was obtained This reaction is not of preparative 


2,4-(0,N),0,ir,F + H,NCU,CO,U 

2,4-(0,N),C,If,NIICH,C0,U — 


2,4-(0,N),C,H,NHCJI,CO,C,H,(NO,l,.2,4 

2,4-(O,N),C,H,NHCII,C0NHCn,C0,H 

value. No reaction occurred between the lithium salt of carbobenzyl- 
oxyglycine and 2 , 4 -dinitroflnorobenzene or picryl chloride." 

Both glycyl-L-alamne*** and carbobenzyloxy-^-benzyl-L-aspartyl-L- 
arginine*’* have been prepared with retention of configuration, but these 
examples do not constitute proof that acylation will invariably proceed 
without racemization. The p-ritrophenyl ester obtained from the 

anhydrideofcarbobenzyloxygJycyl-l,-pben>laIaaineand8ulfuric anhydride 
had a small optical rotation, but it gave a dl product on reaction with 
glycine.® 


(ISM). 
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Experimental Conditions 

Preparation of Phenoiic Esters from a-Acylamino Acids. One 
mole of a-acylamino acid or a-ncylamino peptide is treated ivitli 1.0 to 1.5 
moles of diaryl sulfite or 0..50 to 0.5G mole of triaryl phosiihitc in the 
presence of 2 moles of pyridine at room temperature to 50° for 2 to 3 liours. 
The higlier temperature is employed wlien the reaction mixture has been 
diluted u’ith ethyl acetate or chloroform."’® 

Preparation of Phenolic Esters from a-Acylamino Acid Anhy- 
drides. To the mixed anhydrides of a-ncylamino acids ivith acid 
chlorides or mixed carbonates, the requisite phenol is added in the 
presence of N-cthylpipcridinc or triethylnminc in tetrahydrofuran or 
chloroform.""'' Phenyl hippurate is produced in unstated yield by 
ivarming S-hippur^dthioglycollic acid with phenol at 80° for 4 liours. 

Formation of the Peptide Bond. A variet 3 ' of solvents has been 
employed for the aminolysis. Ethjd acetate was superior to tetrahj'dro- 
furan in the reaction of the ji-nitrophcnj’l ester of phthnloylglj'cine irith 
ethyl glycinate.^*® Reaction times have varied from a few minutes in the 
reaction between the 2,4-dinitrophcnj'l ester of plitlialoylglj’cine and 
ethyl glycinate in dioxane to 3 days in the reaction of the p-nitrophcnyl 
esters of phthaloylglycinc and ctlijd glj'cinatc in benzene at room 
temperature. In the latter instance, the j’ield of ethyl phthalojdgly- 
cylglycinatc was 7G%.^®® Tlic same reaction carried out overnight in 
ethyl acetate instead of benzene gave a 9G% j'ield.^” 


Experimental Procedures 

p-Nitrophenyl Carbobenzyloxyglycinate.^’® A solution of 209 mg. 
(1 mmole) of carbobenzyloxyglycinc in 2 ml. of eth 3 d acetate and 0.01 ml. 
(2 mmoles) of pyridine was treated with 324 mg. (1 mmole) of di-^- 
nitrophenyl sulfite. The solution was held at 50° for 3 hours, cooled to 
0°, ivashed with 2A HCl, saturated aqueous sodium bicarbonate, and 
water, dried, and the solvent evaporated to give a crystalline residue 
(328 mg., m.p. 119-121°) which was recrystaUized from ethanol to give 
315 mg. (95%) of the ester, m.p. 124-125°. 

Cyclo-glycylglycyl-DL-phenylalanylglycylglycyl-DL-phenylalanyl.’^® 
A solution of 4.1 g. of the p-methanesulfonylphenyl ester of glycylglyoyl- 
DL-phenylalanylglycylglycyl-DL-phenylalanine hydrochloride in 80 ml. 
of dimethylformamide and 4 ml. of acetic acid was added dropwise to 
820 ml. of pyridine at 95° during 5 hours. The reaction mixture was 
stirred for an additional 2 hours at the same temperatiire and the solvents 
were then removed in vacuum. The residue was dissolved in 1:1 
methanol-water and passed through strongly acidic and basic ion exchange 
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resins, The columns were washed with the same solvent, and the com- 
bined eluates and washings were concentrated in vacuum to dryness. 
The residue was triturated with acetone and fi/tered to give 380 mg (13%) 
of product. The crude product was dissolved m a large volume of 
aqueous methanol, concentrated, and allowed to crystallize. It was 
recrystallized from a small volume of acetic acid to give colorless needles, 
m.p. about 300'’ with decomposition. 

N-Carbobenzyloxy-S-benzyl-i-cysteinyl-t-tyroslne.®'® To a solu- 
tion ofO.47 g (0.001 mole)of thep-nitrophenyl ester ofN-carbobenzyloxy- 
S-benzyl-L-cysteine in 3 ml. of letrahydrofuran were added 0.25 g 
(0 011 mole) of ethyl L-tyrosinatc hydrochloride and 0.15 ml. of tri- 
ethylamme. The solution soon became yellow. On the next day, 20 ml 
of water was added. The oil that precipitated was dissolved in 1 ml of 
2N aqueous sodium hydroxide and I ml of methanol and acidified with 
A' hydrochloric acid after 1 hour The precipitate was dissolved in 
aqueous sodium bicarbonate, filtered, and again acidified with N hydro- 
chloric acid. The product, 0.43 g. (84.5%), m p. 196-198", was re- 
crystallized from ethanol to give 60% over-all of the acyl peptide, m p. 
197-200“, [«]b -6,4 [c » 1 4% (0.5 Pf-KHCO,)) 
PhtbaloylglycyJglyclnamlde.*** To a solution of 1 63 g. (0.005 mole) 
ofp-nitrophenyl phthaloylglycinale m 10 ml. of dimethylformamide were 
added 0.7 ml (0.005 mole) of triethylamine and 0.55 g. (0,005 mole) of 
glycinamide hydrochloride. The mixture was heated for 50 minutes on 
a steam bath, cooled, and 30 ml. of water was added to precipitate the 
product which w as collected, washed with water, and dried to give 0,05 g. 
(75%) of acyldipeptide amide, m p 235“ with decomposition. Recrystal- 
lization of 0.16 g. of this material from 45 ml of ethanol gave 0.12 g. of 
amide, m.p. 250'252°. 

BRENNER’S METHOD 

An mtercsting method of fonnii^ peptide bonds was described by 
Brenner in 1955,i«5-»’ and a summary of the work has appeared, 

(See also ref. 149a, pp. 157-261 ) 

The perchlorate of 0 -gIycylsah<ylamide (LXVII) rearranges in aqueous 
potassium bicarbonate to sahcylglycmamide (LXVIII). The same 
perchlorate LXVII on solution in water rearranges to the imidazolone 
LXVl To account for these results, the very plausible assumption was 

•“ Brenner. 14rt Conjr lUPAC, Zoneb. July Sl-SS. 19SS Cf CAcm Tn? A'ewt. 33, 

3490 (19S5) 

••• Brenner, Zimmermann. Wehfmaller. Quitt, •nd Photubl, Siprrienln,, 11, 397 
Brenner, Anptu> Ciem , 67. 7S1 (I»M) 

H.fv C/i.fT, Aria, 40, 1497 (1957) 
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made that the amino groups reacted with sterically adjacent carbonyl 
groups to give a tricyclic intermediate LXIX. 

The rearrangement in basic solution ma3' proceed via bicyclic inter- 
mediatesd'*^’^®® Ring closure between the amide nitrogen and ester 



Lxvni 



IXDCa 



LXIX 



LXIX6 


carbonyl components of LXVII followed bj' scission of the labile phenolic 
oxygen bond would lead to a diacylimide LXX, a type which Wieland^®" 


C i^ONHCOCHjNH. 

iloe 


LXX 


has shown rearranges further to give, in this case, the observed salicylgly- 
cylamide. Later work has given results difficult to reconcile with this 
proposed mechanism,^®®' 

A related rearrangement is that of O-acetyl-N-benzoylsalicylamide 
(LXXl) and O-benzoyl-N-acetylsalicylamide (LXXH) to N-benzoyl- 
sahcylamide (LXXII) on treatment with aqueous base.®®® (Equations on 
p. 229.) 

Scope and Limitations 

The most serious limitations of the Brenner method for synthesizing 
peptides is the difficulty of removing the sahcyloyl group from the peptide. 

*** Wieland, Lang, and Liebsch, Ann., 597, 227 (1955). 

Wieland, Bokelmann, Bauer, Lang, and Lau, Ann., 583, 129 (1953). 

Brenner, Angew. Chem., 69, 102 (1957). 

*** McConnan and Titherley, J. Ch^m. Soc., 89, 1318 (1906). 
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It has been accomplished by treatment with sodium in liquid ammonia, 
but the yields, presumably lo'*. «etc not recorded.”’”*’® 

The reaction appears to be general for 0-ammoacylsalicylic acids. The 
presence of tlio bcniene ring is necessary to bring the reacting groups into 
spatial proximity so that reaction will occur under mild conditions The 

reaction failed with ^-bydroxybutyricacid, serine, and cysteine derivatives. 

However, the use of potassium r-butoaide led to successful rearrangement 
of derivatives of serine and threonine.*** 

The rearrangement may be repeated to lengthen the peptide chain by 
one amino acid residue at a time. Optically active methyl salicylglycyl- 
t-phenylalanylglycinate was prepared in this way »>*.»**.«* 

0-a-Aminoacylsalicylic acids can be employed in place of salicylamides. 
Thus O-glycylsalicyhc acid»«-»’» and O-L-phenylalanylsalioyhc acid»« 
rearrange in neutral or weakly acid media at room temperature to give 
the salicyloylammo acid Since no racemisation occurred with i-phenyl- 

alanine, it was concluded that an oxazalone was not an intermediate. In 

contrast to the salicylic acid and amide dcnvatives. the ester dwivatives 
do not undergo the desired rearrangement Thus methyl 0-glyoyl- 
saUcylate does not rearrange to sabcyloylglycine but, instead, gives a 


diketopiperazine. 

If, In place ot.n 0-.nunon<Tl»l.cj'loyl»»i<l' LXXIV the corre.pnndmg 
crbobencjloi, deriv.tl™ LXXVI ii employ^, rc.mngen.cnl p.oceed. 
by ,.y of. nin..n..inbcred cycl.c .cjlnrc LXXVII. The nrc. „ toed 
in y.n.ble yield by tie.tment of the embobemyloiy der.v.t.ve fXXVl 



' TssOdeV (loCili.1 [CX . 53. .IStB (IMS)] 

• 878 MI (to Cib«) (18591 

7f,im , 69. 677 (1957) 

nermann Nrf« C**" (19 j8) 

nermenn' l/tir CSu« Acto, 4(fc 1**3 (*»5D 
rmOller. HrI. Oto- Aeto. 40. **74 (19S7J 
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■with aqueous alkali in the presence of eth 3 d acetate. The yield -would 
prohahly be unproved if sodium ethoxide -u^ere used for the cyclization 
reaction. The cyclic urea LXXVII reacts ^vith aqueous sodium hydroxide 



0C0CHRNH2-Ha04 

CONHCH2CO2CH3 

LXXIV 


Base 



CONHCHRCONHCH2CO2CH3 


LXX\' 

I 

Acetone 


NaOH 



0COCHRNHCO2CH2C6HS 

CONHCH2CO2CH3 


LXXVI 


NaOH 



0 — C— CHR 
\ 

/ 
C — N — CO 


.NH 


0 CH2CO2CH3 
ixxvn 


in acetone at room temperature to give the saUcyloyl dipeptide ester 
LXXV. "When R is benzyl, the urea LXX'STI gives 97% of salicyloyl- 
DL-phenylalanjdglj'cine methjd ester (LXXV).^®®'®®^ 

Imidazolones become the major product from O-aminoac^’lsaliojd- 
oylamides below pK 8. The tendency toward imidazolone formation 
decreases -v^-ith 0-aminoacylsalicyloylamino acid esters and is less ■with 
0-aminoacjdsalicyloyl dipeptides.-®® 

Experimental Conditions 

The rearrangement of an O-aminoac^'lsalicj-loAdamino acid ester LXXTi* 
to the salicyloyl peptide ester LXXV is brought about by bases such as 
sodium bicarbonate, sodium carbonate, or sodium hydroxide in water, 
alcohol, or phenol, or by tertiarj- organic bases such as trieth 3 *lamine, 
X-alkylpiperidine, or pj-ridine preferablj* in solvents such as chloroform, 
dioxane, tetrahj'drofuran or dimethj'lformamide. Triethylamine is 
commonfr used and gives satisfactory results in water, methanol, or 
chloroform.-®®'-®’ However, triethj’lamine in tetrahydrofuran leads to 
the formation of imidazolones as bj’-products.-®® 

The reaction is usualh* conducted at room temperature for 1 to 14 hours. 
The reaction mixture is then evaporated to dryness in vacuum and the 
residue partitioned between ethjd acetate and dilute lydrochloric acid. 
The ethj'l acetate laj-er is washed vith dilute aqueous potassium bicarbon- 
ate, dried, filtered, and evaporated to give the salicj-loj-l dipeptide ester. 
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Tlio free pcjititie may be obtained Crom the salicyloyl peptide in unstated 
yields by treatment «ith sodium in liquid aramoma. Thus saUcyloyl- 
glycyl-DL-phcnylalanjlglycine gave glycj’l-DL-phenylalanylglycine, and 
DL-phenylalanylglyeinc «as obtained from its salicyloyl derivative.®’’'®’* 

The requisite starting matenals are prepared by converting salicylic 
acid hydrazide to the azide, coupling with an ammo acid, and estenfying 
with methanol and hydrc^n chloride to give the salicyloylammo acid 
ester. This product is then acylated on ovygen with a carbobenzyloxy. 
amino acid chlonde *” Use of a carbobenzyJoxyammoscyl alkyl carbon- 
ate results in a competing reaction between the phenobc hydroxyl and the 
alcoholic hydroxyl derived from the mixed carbonate This side reaction 
is not entirely suppressed by the addition of excess tertiary base The 
mixed anhydride derived from phosgene and a carbobenzyloxyamino 
acid proved satisfactory for acylation of the phenolic hydroxyl at —70 
and dicyelohexykarbodiimide was used to couple carbobenzyloxy- 
phenylalanine with salicylic acid amide in 85 % yield. *’• The optical 
configuration was not specified. 

The removal of the carbobenzyloxy group has been accomplished by 
hydrogenolysis with a palladium caulyst Phosphonium iodide has been 
used to decarbobenzoxylate thiosahcylic acid derivatives *” In both 
cases anhydrous hydrogen bromide in acetic acid should be equally 
satisfactory.” 

CYANOMETHYL ESTERS 

In addition to phenolic esters, others commonly referred to as activated 
esters have been used m peptide synthesis. Of these, the cyanomethyl 
esters are by far the most useful. 

The reactions involved mthe preparation of an activated ester anditsuse 
m the forn,.tion ot a d.p.pt.de are ilie.lnted below for the cyanomethyl 
ester of an a-acylamino acid. 

R,coNnciiR,co,n + (C,u»),n -f cicn^-* 

B,CONnCHB,CO,Cir,CN’’ + (C,H,),NHC1 


RjCONIICnRsCOjCH.CX + H,NCHI^CO,C,IIs -* 

Il.COjrHCHB,CONnCHB,CO,C.H, + HOCH.CN 

Curtius prepared carboxj-methyl hippurate in 1888,®“ but the first 
use of activated esters in peptide synthesis w-m described m a senes of 
papers beginning in 1954 by Schtvyzcr, Isehn. Feurer, and co-workers. 

Curtiua, J. prakl. Chem . W 38- *** 
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Mechanism 

Since aminolysis or basic hydrolysis of esters involves nncleophilic attack 
by an amino or h5’’drox3d group at the carbonjd carbon atom, factors 
which tend to make tliis carbon atom more positiv'e nill favor such attack. 

The sjmthesis of penicilhn initiated research in this area, and seven 
classes of activated esters of the type RCOaCHoX where X is acyl, 
carbamyl, ac5doxy, carbalkox3’^, cyano, alkox5’^, or acjdoxj’^ were des- 
cribed. These esters were studied because of their ease of lij’drolysis 
but M'ere not used for aminolysis. The presence of X favors nucleoplidic 

O 

II 

R— Ca+ — OCHjXa_ 

t 

-OH (or :NH.R) 
e 

attack and helps to stabilize the anion OCHoX which is formed in the 
reaction.®®^ 

Studies of the rate of ammonolysis of meth}'! phenylacetate led to the 
conclusion that two reactions occurred, an uncatalyzed reaction of ester 
and ammonia and a base-catalj'zed reaction of ester with amide ion.®®® 
These results suggested that the addition of a strong base to the activated 
ester and amine would catalj'ze the formation of the amide bond by 
increasing the concentration of amide ions.®®* This supposition was con- 

RNHj -h (C,H5)3 N;j±R:NH -f 

firmed when triethylamine was used to catatyze the reaction between 
cyanomethyl hippurate and aniline, a relative^ weak base; the yield of 
amide was improved. Triethylamine Avas without effect Avhen diethjd- 
amine, a much stronger base, Avas substituted for a nilin e. Sodium 
methoxide resulted in trans-esterification. 

Addition reactions to a carbonyl group may also be acid catalj^ed, 
since the proton on oxygen increases the positive charge on the carbon 
atom.®®® 

© © 

RC=0 i- H+ RC=OH RCOH 

1 ■ I I 

OCHoCN OCHjCN OCH.CN 

McDiiifie, Camillus, and Cooper, XJ.S. pat, 2,578,570 (to Bristol Laboratories) [C.A., 46, 
7127d (1952)3. 

Schwyzer, Iselin, and Feurer, Helv. Chim, Acta, 38, 69 (1955). 

503 Betts and Hammett, J. Am. C/iem. Soc., 59, 1568 (1937). 

Schwj’zer, Feurer, and Iselin, HeJv. Chim. Acta, 38, 83 (1955). 

Alexander, Principles of Ionic Organic Reactions, p. 156, John IViley & Sons, Xew 
York, 1950. 
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Act tie neiil ratniviet the fraction l^'twern ftminet and activated 
rtlert.**' anil acrtieacirl wat rmi»Io>nl at a catalvtt m much of the later 
work on the aynthe'H of fieplMlr inlrrmnlitfet. 

ryanomethil liiiipiimle it Inilrohzctl fix limet at fatt at the methyl 
etier hut it aminolyfetl hy l>rnf)lafnine “4fi timet at fatt.*®* 

Scope and Lltnitailons 

Nature of the Kster. Tl>r mott reactive ettert atudied are thate 
ilenvitl from chloroaerionitnle or hromomalonic etter. The dilTerence 
m reactiiin rate iK'tMi-en a methyl otter ami a cjanomethji otter it 
contiderahle melhyl hippurate rractt uitli l.cnzylamine to Rive only a 
iri*o yield of amide after 11 day*, hut under the aame condition-t the 
cyanomctli\l otter pnot an hi®* yield in half an hour.*** 

Tl,r cy.nnm.lhvl cter pirf.-m.! lo •« oIIu-p- *”■" 

Ami.lo ro™«t.op' »»< .Imt-r •iH' o«tl<.U-nz,lo.>-.mlno .ml r.tcrz 
.l.nvr.1 from ...thy I or .Ihyl .hlof«ml.l. or ;....trob.nzJ 1 .Monde 
The r«rl«xymrlh\l ml., f.v. po~l ".•“ll' "1 h.fli eoo..nlr.l.on. of 
men..... but ... I... lb." lb. .y.no|..lbyl .'let m more 

d.lhl. Kjiulion..”* Tl.e |.r.|«>n.l.on of lb. di..rb.lho.yi.clbyl .«.. 
... ,m«.t,.f..to.y of "■« fo""*"“" »f .Ibyl.o.toyyil'Ofylio 

..I.. . m., 0 . by.,.n.b,.., Tb. m.lboxym.lbj ..... mold r..p.r.d 
only m poo. yl.U, ...I lb. n...boxy....hjl .l.ohol l.b...l«i d.rmg 
.mlnoly... n....nl ao.ol.l.t.v.ly .ill. oh. «io.v.l.nl of Ibo xm.... 

Tb. r.i,.,..ly po... <"« J*''!"" *" °"f‘ "f 

.ill. .mi... ... probobly .1... lo >om, S.b.lt b.w fo.m.tio., Tho 
p.n,ln.b.„xyl ..... mx.lnl mlb.. -'o.ly ...b x.d . ee n- 

f...o.y yi.U ot .mid. (B%( ~.M f” “'f 

n....lon mlxlon. fo. 2 boom .. 77" />.D,..b,l.m.n„.lhyl h.ppu..te 

m,.bob,om.do ... r.p.dly .m.nolyxnl, b" U'. ..... .. d.ffi.olt lo p.e- 
p.m.» T....b,J.opy..oyl m..m .... I.« ».l.v. Ib.n .y.oom.thy 
.„d ..„.l.d .0 d..ompo« on ...nd,..g. .Momov.., .„ .dd.t.on. 
..ymm.lri. mnl.. .m.l«l »!»" «■. fo™.l.on of. ..t..hyd.opjm.„jl 
R,..l.on of lb. ..l..hydn.pyx.oyl mil.r ..tb .. .mm. bber.te. . 
mole of b-byd.oxjT.ol"™'- 
““”pTrgylphlb.loylgly.l»“b" 

Nature of the Amine. The ...et.on of the ..t.v.ted ..let .-.Ih »o 
p mmifte IS dependent not only upon the nature of tho 

ammo to form an amiue . j 

UOPlim*nfi. Sibd Srfiwyrer, Angiu Chrm , 87, 767 {ID.75) 

Feurpr, I pforer, Ctiima (Swib ). 8, SBi (19S4) 

•O’ SchwylPr, liP m- Ciem . 68. 747 (1954) 

“• Sohxpyipr. CA.™ Aria, »B, »7 (1956) 


... . I „ .na Sphwyjpr, III'” Ck.m Aria, ». »7 ( 
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cstf.r, including tlic component ncylmnino ncid, but nlso uj)On the nature 
of the amine. Primary alipliatic nininc.‘< react witli cynnomcthyl esters 
at room tcm])crature, aromatic j)rininry amines require a higlicr tempera- 
ture, and secondary aliphatic amines react with difliculty.^*' Althougli 
the yields arc generally' quite good, the reaefion may Ijc slow \rith the 
more comjjlex amiiie.s. Glycine cj'anomcthj’l ester react.s with amino 
acid esters in 1 to 5 hours,^"’ whereas some amino and jicptide ej'ano- 
melhyl c.slers arc allowed to react for 4 days.^'* In the synthesis of 
peptide.s the amine component was usually an ester of glycine, leucine, 
i.soleucinc, or tyrosine-"’ and 3'iel(ls were generallj’ 70%. Where the 
amine component was a pcjdidc ester, jdclds of 43% to 0G% were 
obtained.^" 

The amine function maj’ be ])art of the same pej)tidc bearing the 
cyanomethj'l group, thus jjcrmitting the synthesis of c_vclic peptides. 
Tritj’ldiglyc^’lglj'cine was converted to the cj-anometh^’l ester in 84% 
j’icld. After detritj’lation with hj'drogen chloride the c^’anorncthyl e.stcr 
of triglycinc hydrochloride was dissolved in dimethj’Iformamide and the 
solution added during a period of 5 houns to jjj’ridinc at 95° to give 36% 
of cj'cloliexaglyc^d. Under similar conditions tlic c^ynnometlnd ester of 
tetraglycine gave 12.5% of cyclotetraglycy].®'=-^'’ The cyanorncthyl 
c.stcr of glyc3'l-i)L-phenylalanylgl3'cino was converted to cyclo-gl3’C3dgly- 
cyl-i)L-pheny!alanylglycylglyc3d-»L-phcn3’!alanyl in 20% yield."’ 

The removal of a carboben7,ylox3’ group from carbobcnz3'lo.x3’latcd 
tripeptidc cynnometh3d esters with h3'drogen bromide in glacial acetic 
acid, without the expected conversion of the nitrile to an amide,”'' has 
been reported."" 

Nature of the a-Acylamino Acid. Limited data are available con- 
cerning the a-acylamino acids. Cyanorncthyl carbobenzyloxy-S-benzyl- 
L-cystcinyl-L-tyrosinate (in which the phenolic group on the t3TOsine 
residue was not protected) reacted with ethyl L-isoleucinatc to give 58% 
of the acylatcd peptide."®’- "" Even more noteworthy is the coupling of 
cyanomethyl to.syl-L-glutaminate with ethyl glycinate in 90% yield;"®’ 
in a patent application the same reaction is reported to giv-c a 72% 5'ield 
based on the cyanomethyl ester or a 49% yield based on tosyl-L- 
glutamine."’® Cyanomethyl pbthaloylglycinate is noticeably less reactive 
than cyanomethyl carbobenzyloxyglycinate."" 

iHclin, Fourcr, and Schwyzcr, JJelv. Ohim. Acta, 38, 1508 (1055). 

Rchwyzor, Iselin, Rittol, nrid Siebcr, Ilelv, Ohim. Acta, 39, 872 (1050). 

Schwyzcr, iBolin, Kittol, and .Siober, Chimia {Switz.), 10, 07 (1050). 

i\Ioro7,ova and Zhunodurovn, Zfiur. OltHhchel Khim., 28, 1001 (1058) [C.A., 53, JlOOf 
(1050)]. 

Karr and Niemann,,/. Org. Chem., 23, 304 (1058). 

AuMtralion put. appl. 0030/55 (to Ciba). 

Hciforich, fichclienborg, and Ullrich, Chem. TSer., 90, 700 (1057). 
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Racemlzatlon. Cyanomcthylcarbobenzyloxy-L-leucinate was coupled 
with ethyl glycinatc, and the product decarbobenzoxylated to give ethyl 
L-leueylglycinato. TIim, m turn, was coupled with cyanomethyl hip- 
purate to give ethyl hippuryl-L-leucylglycinate. After hydrolysis the 
leucine was isolated aa its naphthalene ^-sulfonate mth no evidence of 
raeemization **• No racemization, however, should have been expected 
in this reaction 

Carbobcnzyloxy-S-benzyl-L-cysteine. triethylamme, and chloroaeeto- 
nitrile at room temperature gave 82% of the optically active ester. 
However, at higher temperatures partial or complete raecmization was 
noticed.*" Since the optieally active esters show no tendency to racemize 
on recrystallization. it was concluded that the reaction temperature was 
responsible for the raecmization 


Experlfnenial Conditions 

The cyanomethyl esters have a distinct superiority over otlier activated 
esters for peptide sjmthesis 

reparation ol tho Estar. Tito ,011 i> pttparrf .» t,l« by th« 
addition o( trimathylamino to a aolution of the ..aoylamino acid and than 
aiioacd to raaet ttith a halide aacit aa chloroacetona, ethyl chloracetatc, 
ehloroacetonilnic, pl.cnaeyl btomide. ot p nitiobcnayl bit.midc,t't to g,™ 
the ester 

11C0,II + ic.li,i.b- + cicli,rocii,- RCO.cii.cot:ii. + (C,u.).nhoi 

Tnll,iotoetho<y triHiioroacctylglycinate, prep.ted from triBaoto. 
.celylgljcyl chlonde and 2A2-tnlluoit«lhoarn>agne.iam .od.de, reacted 
will, ethyl gly.in.te to g.ve M% of ethyl Indoo^ctylglycylglycnatc.- 

Cyanomethyl c.rboh.oayloayglydnalo hm. been prepared by two 
method. ”■ In tho Set, catbobeoayloayglycin. w a. heated nndet refloa 
r. .thyl acetat. one cpnealentof .™»yU.n.„e and a 50% eae... of 

ohlor„.c.lon,.r.le for 3 honr. to g.y. 83% of the e.l.r Cyanomethyl 
,. , ,„.ppri in other solvents in a Similar fashion, the yield 

I:Tr80?r..hyraeet.,e, 83% in .melon,, 80% m henaene, ,0% .„ 
.. j -<!0/ in dimethylfoinMimide.*** The second method 
acetonitrile, ana <o/o »“ , . , . ... r 

listed in covering the carbobenzyloxy^ycine with a 60% excess of 

. j thrpR eaiiivalents of chloroacetonitnle. After the 

Stial^«othern..e reaction had m.hdd«i, the miatnre wa. heated at 70* 
d loelin. An^ AcnA Sr> PenmoK, Ser A. H, No 80, IBl (1955) [C A . 

50. 6520c (1950)) ^ Sef . S9, 701 (1817). 

Lym«n «n« ' cAtm Bw , ##. 839 (1957) 

Weygafid Isclin, »«<• K**". CTwi. Aela, 38. 80 (1955) 
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hv r! i”'" •' procedure gave a 94% yield.^^i ^he ester was isolated 
aud if ' op the residue in ethyl acetate, 

bfcarhff r® f ' f ^yrlrochloric acid, aqueous sodium 
readily recfystellird left the ester, which is 

nremrS"""''’ • n " ^jr^’o^^cthyl esters of a-acylamino acids may be 
bvCdt T the removal of 

o.ter,c.„ bo .ta„d until “ edcd ~ ^he 

eaii'(aft(ffifi+°^ 2-phenyl.4-bromo-5-oxazo]one with ethyl glycolate 
carbethoxvm water to replace bromine by hydroxyl) the 

reacted Jth elh'' "f • acid. The acLated ester 

peptide derivatives.«r‘"''*° phenylalaninate to form the 

formaTof rabs for amide bond 

yields and the rfif ^ ^y^roxylated solvents give low 

and acetonitrile. EthXe Jlylfl^Slh'" ’"'""fr’ 

Ivsisofan Psf-nr ^ xi. ^ ^ ^”*0^ normally catalyzes the amino- 

Under othonviso id tirto of eyanomothyl hip]>ur»te.“ 

yield in methLl 56% Sr" 1"/'’) ^‘T 
dimethylform.n.4.«.;». -‘''“ol-'v.ter, and 74»/, yield in 2:3 

peptidc^mTd“f^rmILmS^"^o^efLX''"*^^ elutions are used for 
with an eauivalcnt nm x r i. ”*P^c> cyanomethyl hippurate reacted 

present in a concentrftion o/o <- cyanomethyl ester was 

concentration was 0.1 mole pef- ^'^Th 

bcnzylaminc increased the yield to 96o/‘fe^l^ ,T f 
The peptide bond has also been forltl bv'h c”'' 

amino acid with the ester of an amino acW wiJ^'T '''' N-tnfluoroacetyl- 
mental details arc lacking.323 ^ ^'ithout a solvent, but expen- 

ami^: -i^h the 

6 Jottle“nerZTff P^C'^cnee of 

o ru mole per cent of acetic acid as a catalyst =<>i 

A r«..,i„„ time of 4 day. at room temperatnr. ha. been commonly 

- W«.vgA„,l. OeigiT. anti Swo,in„,t. Ar^ru^'cem., 68, .807 (I».7r„. 
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used for peptide 8)Tithesis,’*^ although a glycine ester may be acylated in 
a few hours Ammo acid esters with bulky side chains require longer 
time for acylation.’®* 


ExperimeDtal Procedures 

Cyanomethyl Hippurate.”* To 3 58 g. of hippurio acid (0.02 mole) 
and 3.03 g. of triethylaraine {0.03 mole) in 30 ml of ethyl acetate was 
added 2 27 g of chloroacetonitnle (0 03 mole) and the mixture was heated 
under reflux for 3 hours. It was then cooled, freed from the solid tri- 
ethylamine hydrochloride, and the ethyl acetate solution washed with 
dUute aqueous sodium bicarbonate and water, dried, and evaporated 
The residue crystallized on addition of ethyl ether to give 3.47 g. (80%) 
of hippunc acid cyanomethyl ester, m.p. 97-W».^ Recrystallization fmm 
acetone-ether raised the melting point to 99-100*. 

p'Nltrobenzyl Hippurate.*" The method is analogous to that 
described above except that p-nitrobenzyl chloride is used in place of 
chloroacetonitnle and heating is continued for 15 hours. The ester, m.p 
134-136*, after recrystallization from ethanol, was obtained in 82 4 yield. 

Cyanomethyl Carbobenzyloxyglycyl-PL-alaoyJglycinate. A solu- 
tion of 0.44 g. of carbobenzyloiyglycyl-DL-alanylglycme and 0.2 g. 
of triethyUmine in 1 ml- of chloroacetonitnle was heated for } hour at 
80*. The solvent was removed under reduced pressure, the residue 
taken up in ethyl acetate, and the solution washed irith aqueous sodium 
bicarboimte and water. The dned solution was evaporated to give 
490 mg of crystalline ester. RecrystaUizat.on from acetone gave 
colorless crystals of product, m p- 145-145.5*. The yield was 470 mg. 

'^ithyl Trifluoroacotylglycyielycylglydnate.*" / solution of 1.60 g 

of cyanomethyl tnfluoroacetylglycylgrycmate and 0/42 g. of ethyl 

glyctoate in 5 ml. of ethyl acetate was ^ 

evaporated m a high vacuum, and the re«du/suWmed at a bath empera- 

pyrMyM.-tyrosyI-i.-l8oUuciiiate.*“ To a solution of 5.76 g. (0.015 
Tob) of Cyanomethyl N.c.ri»t«na,tay&b».yl-n.eyat.m.t. and 
Cm , (ca 0 014 mole) of etndo 0-tetrJ,jd»pyt.nyl.i.-tyTO>yl-i-«o- 
I in f, 5 ml. of dry ethyl acetate was added 30 mg. of 

leucine e y / product gradually separated as a gelatinous 

,cetmaoid asacata^^^t./^^P^^ was allowed to stand for 4 days at 
r^m^Iemperature, then triturated with ethyl ether and filtered to give 

... F.ur.r, ...d Sch-y»e,. (S— «■)• «• *« 
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8 9 g. of product, m.p. about 90°. Two recrystallizations from acetone- 
ether gave 6.73 g. (65% based on the tetrahydropyranyl ester) of fine 
needles, m.p 143-145°. [ajff -_46° ± r = 3.930/^ cLy. Further 
recrystalhzation from methanol or ethanol did not change the melting 

ACYLIMIDAZOLES 

le ammono anhydride resulting from the replaeement of one carbonyl 
oxygen atom and the central oxygen atom of an anhydride with nitrogen 

o c 


RC — ^N — CH=N- 


wm react with amines at the carbonyl carbon atom to form amides. 

chloride 7 (^■-^XXVIII) reacts with hippuryl 

fIXXTXi methyl ester* 

glyoylglyi'I (LXxV”„%'?/rjad“ 


HC — ■ - CCHaCHCO^CH, 

I II 

HN N NHCOCgH 


\ / 

c 

H 

IXXVllI 


e^s 


CoHjCONHOHjCOCl ^0= 

^ I 

CeHsCONHCH-CN 


II \ / 


=CCH2CHC020 Hj 

I I 

N NHCOCeHs 

LXXI.X 


o 


c 

H 


n.NCUiCOjH 

CsHsCONHCHjCONHCHoCOaH + LXXVIII 
Lxxx’ 

reaction cotdittn'T®" '•'"g ^"der Schotten-Baumann 

reaction conditions has been known for a long time.3- Thus the reaction 


1IC= 

I 

RCON 


=CH 


\ X 
c 
n 


N 



HC=CH 

I I 

RCONH NIICHO 


of benzoyl-n-histidine methyl ester (LXXVIII) with benzoyl chloride in 

nnmt>.rv.T „n.I liorl.. .ln„ . 
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carbon dioxide evolution ceases, the amino acid ester is added. The 
reaction is allowed to proceed at least 15 minutes before tbe solution is 
concentrated and the product purified by washing Avith acid and aqueous 
sodium bicarbonate. 

The acylation of ethyl glycinate with carbobenzyloxyglycyl-L-phenyl- 
alanylimidazole in tetrahydrofuran at room temperature led to a product 
containing approximately 5% of the form. At -10° in dimethyl- 
formamide, hoAvever, racemization amounted to less than 0.5% and the 
L form, m.p. 119.8-120.3°, [a]f -12.2° ± 1.25 (c = 2%, ethanol), was 
obtained in 87% yield. 

ACYLPYRAZOLES 

A preliminary study^^^ shows that a-acylamino acid hydrazides react 
with acetylacetone to give acylaminoacylpyrazoles Avhich Avill, in turn, 
acylate an amino acid ester. 

p-CHaCoHiSOjNHCH^CONHNHj + CHaCOOHjCOCHa 

N=CCHj 

p-CH3CeH4.S02NHCH2CN^ 

II \ 

O C=OH 

I 

CHa 

uxxxn' 

LXXXIV + H2NCH(CH3)C02C2H5 

N=CCH3 

/>-ch3CoH4S02Nhch2Conhch(ch3)co2C2H. + hn"^ 

\ 

C=CH 

I 

CHj 

The acylpyrazoles Avere prepared by heating the a-tosylamino acid 
hydrazides Avith excess acetylacetone; a 10-20% excess in ethanol Avas 
used Avith glycine and alanine, a 100% excess and no solvent with vaUne. 
Yields, of a-tosylaminoacylpyrazole Avere 80, 60, and 51%, respectively. 

The general procedure for the formation of the peptide bond is illustrated 
by the folloAving example. 

Ethyl p-Toluenesulfonylglycyl-DL-alaninate. A mixture of 6.1 g. 
(0.02 mole) of N-p-toluenesulfony]glycyl-3,5-dimethylpjTazole and 2.7 g. 
(0.023 mole) of ethyl nn-alaninate Avas heated for 1 hour on a steam bath 
to give an oil. Unreacted ethyl alaninate, b.p. 48°/l 1 mm., Avas removed 

ni«l nnd Schloitner. Ann., 619, 43 (IB.AS). 
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in vacuum, and 3,5-dittethylpyra*ole removed by steam distillation. 
The residual oil was taken up m ether, concentrated, and triturated with 
water to give a crystalline precipitate which was recrystaUized from 
aqueous ethanol to give 80.5% of product, m p 57“. 

The latter product was converted to the hydrazide and then to the 
3,5-dimethylpyrazole in 70% yield. Reaction of the resulting I-(N-p- 
toIuenesulfonylglycyl-Di.-alanyl)-3,5-dimethylpyraiole with ethyl dl- 
valmate gave a 56% yield of the tosy] tripeptide ester. 

a'ACYLAMIN’O TfllOL ESTERS AND THIOL ACIDS 
Introduction 

Acetyl coenzyme A, the source of biologically active acetyl groups, is a 
thiol eater having a CHjCOS grouping*** Thiol esters of s-acylamino 
Acids are not only of preparative value but also of biochemical interest. 

The synthesis of thid esters usually Involves reaction of an a-acylamino 
acid RiLred anhydride with a mercaptan or thiophenol. The same mixed 
anhydride LXXXV may be produced by reaction of the a-eoylamino acid 
(o) RiCONHCHR,COOCOOC,H» + HSR,— 

R,co.vncHR,cosii, + CtU,on + co, 

IXXXV 

<6} B,CONIICHRjCOSB, + — ft,CONllCER,CO}fHRt + USR, 

With a mixed anhj'dride of the thiol R^H. This procedure was used In 
the synthesis of a cyclic peptide.*** sodium p-nitrothiophenolate and 
phosphorus trichloride reacted to give a 55% yield of tri p-nitrothiophenyl 
phosphite LXXXVI.**-*** This product with earhobenzyloxyglyoyl-L- 
PCl, + 3NaSOJI,NO,-j> — P(SC,n 4 NO,-p), + 3NaCl 
JLXXXVl 

leucylglyoyl-ii-leucylglycine afforded the corresponding carbobenzyloxy 

pentapeptidep-nitrathiophenylester(LXXXV’ir)£n98% yield. Removal 

Cbro.elr-n Leu.Gly.t.Lc« Oly.OH + LXXXVI — — GljSC^H^NO, p 

LVXXVII 


CONHOHRCOSrHCn,CO 

/ I 

CH, 

NncocnRNncocfr.NH 

T.TVT VIII 

»ii x.ynBi» .1 nyfir CAcm , 63* 47 (ISSl). 

Kenn*' »na Tumsr, CJi.m a Jwi USS. SOS 

ail firrington. Kenner, *nd Turner, CSm * ItSS. <C1. 
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of the carbobenzyloxy group followed bj^ liberation of the free base 
allowed amide bond formation to take place with the production of a 
cj’clic pentapeptide formulated as LXXX^^^I. Since doubling normally 
occurs in the cj'clization of peptides with an odd number of amino 
acids, a cj’clodecapeptide might have been expected. The use of 
tri-p-nitrothiophenjd phosphite (LXXXVI) subjects the acylamino acid 
or peptide to one anhj’dride-forming step rather than two. 

The thiol esters are relatively stable toward hot water and dilute acid but 
are .slowly attacked by base.““ Aminol3’sis generally occurs readilj’, but 
the rate depends upon a number of factors discussed more fullj' below. 

Thiol c.sters possess certain advantages over most other mixed anhj’’- 
drides as a result of their stability toward weak bases, anln^drous acids, 
and heat. The coupling of an a-ac3'lamino acid thiol ester with the sodium 
.salt of an amino acid will lead usuall3' to a pure dipcptide derivative.^® 
For example, in the coupling of carbobenz3’lox3'gl3'cine thiophen3'l ester 
with phen 3 ’lalaninc in basic solution to give carbobcnz3’loxygl3'C3’l- 
phcn3’lnlanine and thiophenol, extraction of tlie reaction mixture with 
ether will remove unrcactcd carbobcnz3’lo.x3’gl3’cine thiophen3'l ester and 
thiophenol. Acidification then precipitates onh’ the product. Witii 
most other mixed anln-dridc.s, acidification would precipitate nnreacted 
carbobenz3doxvgl3’cine with the product. 

xV furtlier advantage of thiol c.sters is that a carbobcnz3’lox3’, a carbo-t- 
butox3', or a carboc3’clopcnt3'lox3' protecting group is readil3’ removed 
from a peptide thiol ester with nnh3'drous In-drogcn bromide without aficct- 
ing the thiol e.ster group. The le.ss convenient phosphonium iodide ma3' 
also be u.«cd for removal of the carbobenz3’lox3' group from a pcjitidc 
thiophen}'! ester.“' Tlic resulting intermediates are ofintcre.st, both for 
the preparation of jioU'mcra in which two or more amino acids arc repeated 
in known sequence, and for the preparation of c3'clic peptides. Thu.s 
triElye\-lthioglycolic e.ster in dimetln’lfonnamide was added to p\Tidine 
at fiO’ over a lO-hour jierioil to give a 09% 3-ieId of r^-clohexagU'ced."’- 
a.-x\mino acid thiophen)-! esters have been coupled with acyldipcptidcs 
in gofxl vield via the mi.\ed carbonic anhvdridc. Tliis lengthens the 
P'jitide ciiain and forms an acadtrifieptide thiophenad ester readv to 
undergo further coupling. xMtemat iveh-, the thiol e^ter groiij) nia3- be 
reinovtsl by hydrogen fKTt):5!de in acetic acid.*® 

The suahilit V of thiol c'-ters is indicatxsj tin- fact that initiallv (Miorle-' 
iTV't.ab of the thiophenyl C't/Ts of carl>ol>f'n7.vlo.xvglycir;e and earho- 
Is nr.el ixvtryptophan develojK-d oiilv a slight odor aft'-r I ve.ar.*'* 
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The pioneering work of Wicland suggested that reaction of mixed 
anhydrides of a-acylammo acids with hydrogen sulfide would lead to 
«-ae5’laramo thioacids. Reaction of phthaloylglycine with ethyl chloro 
formate and then with hydrt^n sulfide gave phthaloyl thiolglycmate m 
61% yield”' The same product was obtaineil in good yield from 
phthaloylglycyl chloride and sodium hj’drosulfide Jlethyl phthaloyl- 
glycylglyeinato was obtained in nnatated yield from phthaloylthiolglycin- 
ate and methyl glycinate. In similar manner thiolhippunc acid and 
phthaloylthiolglycinc were prepared as were tliiolacet.c acid thiolbcnzoic 
acid, and p-phenylthiolbenaoic acid- The mixed anhydride of carbo- 
benzyloxyglyeine and isobutyl carbonate was converted to the thiol a«d 
and the thiol acid concerted to the anilide m 24% y*® «T,thesis 

oi-acylaminothiol acids generally offer no advantage m pep i 
over the thiol eaters and indeed require an additional step 

Mechanism 

Th. r=«=l,on b«v...n thiol » ooht.dtrtd to b. . 

bimolechlar mdoophilio ” (j_s bood .» th« thiol ester 

The melt perm.nent ^ by the eppio.eh of 

it supplemented by the lorger 1”'““ . ,„as to the ttensi- 

the .mine, Bofflciently elo«i .ppro.eh of the 
tion state A and to the amide and thio 


r n o 1 

r 1 - 

1 I »- 

SR> — 

R,N • C- -sn, 

I 1 

1 1 

, H It, 

L II »• 



R.N— C + HSR, 

I 

Ri 

...t, that changes in R, which will increase the 
his mechanism sugges fovor amide bond formation This 

irization of the C S » 

, Am Chrm S«c.n.*n»{Wi) 

Sheehan and Johnson. J ^ 

Cronyn .nd Jm. J A’n ^ 

ISw^e" S6. 4» d***)- 
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1ms been vc'rificcl. For oxampU-, p-nitrolliioiilu'nyl carbobonzyloxy- 
glycinato renctoci witli nlaiiiiu' in nquatnts dioxan MO tinifs ns fast ns the 
thioiihcnyl estiT.^^^ 'J’lio carbnben/.yloxy lliinl esters of aeyininino acids’*^ 
arc especially nsefid for jieptitle syntheses.^"' 

The nmxiimun yields of anilide obtained in the reaction of various thiol 
esters of acetic, benzoic, and hippiirie acid with aniline in 1% aqueous 
solution were in the order; — .SC.H. — SC„n. <' —SCILCILXHCOCIfj 

<-SCH„CH(i\IICOCll,)CO,H < -fiCIFCIll'cO-lI < -IsCIFCOJl. 

Another method of increasing the C — >S bond polarization would be 
to form a bond between an elect rojihilic reagent, F, and the sulfur through 
the dp electrons of the latter. The catalysis by nminoncylnse of the 

il-i. 

1{,C0— S— It, a- K_» K,CO— S— ]l, 

I 

T 

reaction between bcnzo3'I coenzj’ine A and gK’cinc to give hippuric acid 
may be an instance of this type of polarization.^’^' 

A more practical application to pejitide sjoithcsis is the use of metal ions 
as the electrophilic reagent IC. Catalj’.sis bj' silver ion is explained on 
the basis of a complex of the thiol e.ster, silver ion, and amine. 


O 


O 


II 

\ ^ 

Ar+ 

H H 


11,0 + S— R, + 11+ 

1 I ' 

Il,NU Ag 


The varying degrees of cfTcctivencss of different metal ions may be due 
to the difference in their ability to coordinate with the amine.”" 

In the reaction between hippiiryl thioglycolic acid and glycine MOth lead 
acetate as catalyst, the lead salt of hippurjdthioglj^colic acid was isolated 
as an intermediate. Tlie structure LXXXIX was proposed for this inter- 
mediate to explain the catalytic effects of the lead ion. 

OH, CO 

CoHsCONHCHjCS O 

II \ / 

O Pb— H,0 

/ \ 

O SCOCHjNlICOCoH. 

II 

OC CH, 

LXXXIX 

Fr. pat, 1,090,837 (to Ciba) [Chem. Zentr.^ 129, 2874 (1968)]. 

Fr. pat. 1,090,838 (to Ciba) [Chem. Zentr., 129, 853 (1958)]. 
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Aqiicoxis bicarbonate will catalyze the cleavage (either hydrolysis or 
aminolysis) of a-aminoacyl tliioK but the ions HPO,"* SOj-*, HSOf, and 
IICO, do not.’*’ The irutM) step may involve reaction of the amine and 
carbon dioxide or bicarbonate ion with the loss of a proton. 

• o -lU 

Il.VK, + CO, [KXU,— CO.1 1 » R.VrfCOj 

Thp acetamidoethj'l ester XC (R ^ CH,COXH-) ivas aminolyzed or 
hydrolyzed more rapidly than the ethyl ester (R = H) and the same 
reactions involving the amide XCI proceeded more rapidly when R = H 
than when R *= CH, These results obtained in the presence of oqueous 

ir,XCff(Clf,lCOSCIf,CK,R 


H,.VC/RC/RCtr,>,lCOSC/f,C/I,.VRCOCU,MI, 

.tci 


bicarbonate were interpreted as indicating cydasthn of the carbonate 
of XC to XCU, followed by rearrangement to the diacylimide XCIII. 
The latter compound can undergo ring opening via aminolysis or hydro- 
lysis at either of the acyl groups. 


no 

0 I 

II \l 

CU.C— X c 

/ \' i\ / 

cn. n s o 




lie xn 

•M I 

0 C C>=0 

1 

— C— N ' O 

I 

CH,CII,SH 

XCIII 


The "bicarbonate effect" has been used to synthesize alanylglycine from 
thiolalanine and glycine. PeptAfe fonuatMO did not Uke place in the 
absence of aqueous sodium bicarbonate.’** 


Scope and Limitations 

Comparatively few peptides have been prepared from a-acylamino add 
thiol esters Acyl denvatives of glycine, phenylalamne,’”.”* p. 
alanine, ”*•’*’ S-benzyl-L-cysteine,**» and tryptophan’” have been used as 

»» K'leland tambert. Lung. »nd Schranun. Aim , 597, Igi (1955) 

\v.el»nd »nd Birtminn, Chem Sir , 89. «W (19S«) 

*•1 Wiefsnd. VS pet S,70S.It* tto BoOameerStibnjlCA , 69, JSJSb (IBSSl], 

... Hooper. Eydon. Schofield, »nd Herton. J Chem.Soc 1958, 3118. 



240 


ORGANIC REACTIONS 


acidic components in peptide synthesis, men the amine component is 
proline, acylation Avith carbobenzyloxyglycine thiophenyl ester or carbo- 
benzyloxj'glycylglycine thiophenyl ester proceeds in yields of about 80%, 
A\ hereas Anth the mixed carbonic anhydrides of the acylated amino acid 
or dipeptide yields are 20% or less.®® A series of c 3 ^clopolycaprolactanis 

ranging from the cyclodipeptide to the cyclohexapeptide has been 
prepared.2” 


The common practice of preparing the a-acylamino acid thiol ester 
from a mixed anhydride of the a-acjdamino acid limits the utility of this 
method because of the extra step. In general, the use of tri-^i-nitrotliio- 
p enj p ospliite for the synthesis of the a-acjdamino thiol esters®®“ 
o Aoates this disadvantage. Attempts to prepare the ji-nitrothiophenyl 
es er o ‘^^^^°^®^yJox3'-L-leucylglycyl-L-leuc5dglj’c3d-i,-leucylglycyl-i> 
leucylglycme faUed, presumably because of the insolubility of the 
acylpeptide.®^® 

be of interest to extend the tri-p-nitrothiophenyl phosphite 
me hod to acyl denvatives of the hydroxy amino acids. If it functions 

sa IS ac r y, t e scope of the acylaminoacyl thiol ester and the activated 
e-ster procedure Avould be s imilar 

Hycfrogen suMde reacts v-ith amino acid thiophen 3 d esters to give the 
aminothiol acid and tbiophenol.®®®-®®^ The thiophenyl esters may be 
prepared from the ammo acid chloride hydrochloride and thiophenol. 
These reactions foUoAA' the typical pattern of an anhydride and an acid 
givmg a ncAV anhydride with liberation of the stronger acid as shoAvn in 
the accompanymg equations. 


Ha-HjNCHCCH^jCOCl + HSCeHs-,- 
HjNCHCCHdCOSCcHs + H^S — 


Ha-HjNCHiCHjiCOSCsHs J- HCl 
HjNCH(CH 3 )COSH -f C5H5SH 


Actually the aminothiol acids Avere shoAvn to exist as ZAvitter ions. 
They failed to acylate ammonia or amino acids.®^®.®®i If the amino 
^oup Avas iurther separated from the thiol acid group, reactiAuty increased; 
thio-/3-alanme, for example, polymerized on heating at 100° for 48 


Treatment of benzylpeniciUin Avith ethyl chloroformate and triethyl- 
amme m chloroform folloAved by reaction Ai-ith hydrogen sulfide gave the 
symmetrical benzylpemciUinic thiol anhydride as a crystalline solid.®®® 
Unlike the oxygen anhydrides Ai^hich can acylate only 1 mole of amine, 

=<• Kenner, Thomson, and Turner, J. Chem. Soc.. 1958, 4148. 

Wieland and Sieber, 2^ aluricijss 40, 242, 300 (1953) 

Wieland, Sieber. and Bartmann, Chem. Ber., 87, 1093 (1954). 

’5* Wieland and Freter, Chem. Ber., 87, 1099 (1954). 

Evans and Jansen, J. Chem. Soc., 1954 4037 
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thiol anhydrides can acylate 2 moles. However, benzylpemciHmic thiol 
anhydride gave with cyclohexylamine only a 42% 5aeld of benzyl- 
penicillin cyclohexylamide. Thiol anhydrides of other acylammo acids 
have not been prepared. , 

The a- and y-thiophenyl esters of carbobenzylosyglutamic acid reacted 
with ammonia to give homogeneous products.*^* However, t e corre 

spondmg a- and y-carbobenzyloxythiolglntamic acids always gave a 
mixture of S-a- and S-y-glutamylglntathione from pure starting materia s 
The latter result may probably be ascribed to the use o ase in e 
synthesis rather than to the use of thiol acid in place o a lop e y 
ester. The interconversion of ot and y isomers of glutamic aci is o 
to occur with , i i 

Although S-valylcysteamine was prepared by fusion of va y 
and cysleanine hydrochlorida,”* this 

thesis S-Methionylglutathione reacts m aqueous y 

ncosc.u, + R-SH SSRCOSR' + C.n.su 

d ^ .kia^ntruh as showm by paper chromatography 
give oligopeptides of methionine as s i . K»an rtrenared **’ 

The reaction of aUmne ‘h”P^ ’^bted hy electrophoresis 

A ecT. S-alanyl coeniyme A buffeted 

When this compound u-as .lanylgluumic aod on the basis 

at pH 8, the product was reported to to aianyoi 

of an eleetropberoram “• to the aud. v.a tha hjdra- 

Triljlelyejlgljcne “““ ”Jj^,pb,phen,l or th.oben.jl ester v.a the 

aide, but it was eouverted to P 

alkyl carbonate mmc ^ give u-acylamino -^-ptopio- 

.eobutyl chlorofoimate and t ^ ^ .jnthe... n-a- 

thiol.ctone.w- which h" chyl to 

Phthahmmm,?-propm H.phthaloyl-n-eyateinyl n-meth.onme ethyl 

ester.®*® 

CAd<" Sff ■ 

S»chB.tid\V.«l»rh.-' ^ ,£,**>«|.4S.I«W(1»S3I 

•f CUyton .nd 578. » («»5S> 

«• 'VitUttd Whd Bokdlrnann.^^ ^ CK- . Sit. «3 <l»5Sl 

Slrfcher. " ’ ... 2W CIS**! 
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BuHio (.crmiin piitcnts hnvo hpcn to covit jx.'jjtiiii' lidud forrnntion 

from niniiio firid.c or jicptitics or tlicir and a-iicvlnminotliiol e.'tprs 

XHR(X)CHCO.SA, wlicrc an nlkyl. aralkyl, ncvl. (m otlior arnini’- 
l)rotocting proii]), X i'; a residin' ns found in amino acids and jK’ptides, 
and A is an alkyl, aryl, aralkyl, or .similar residne.’'^^''''"'- 

I'rencli ])atents''-'. elaim the preparation and use of comjiound.s 
differing from tlio.se described in the f?erman jiatents in the nature 
of the thiol portion of the molecule. They mav he re])re-sentod ns 
XHK(X)CHCO.S\ Z, where \ is methylene, ethylene , [irojiylene, or jihenyl- 
ene, and / repre.senis an elect ron-neeeptor group such ns carhox.'d* 
•sulfoind, or mtro. Tlie examples refer to the use of thioglycolic and 
thiosnlic.j lie acids whicli should give the most reactive intermediates. 
Separation of the thiol and electron-accepting group hy a propylene 
chain partially nullifies the advantage of having the electron-nccei>ting 
group in the molecule. T liioglyeolic acid eombine.s the arlvnntagcs of n 
thiol ester with those of an activated ester in resjiect to reactivity. 

Pntent.s also claim the u.«o of metal .salts sueh as silver nitrate or lead 
acetate to inereasc the yield of amide obtained from thiol e.stor.s.s« In 
some reactions the catalytic effect i.s quite marked, ns in the reaction of 
benzoylpantethcin with glycine to give an 80% yield of hippiiric acid in 
the presence, but not in the ab.scnce, of silver ion. 


Racemization 

Preliminary re.sults with tri-p-nitrothiophenyl phosphite for peptide 
sjmthesi.s indicate that the intcrmcdiatc.s are obtained with higher optical 
purity than by some other methods of .S3mthcsis.”- Thus the reaction 

. with tri- 

p-nitrothiophenyl phosphite in dimethylformamidc at 18° gave a 99% 
yield of carbobenzyloxyglycyl-L-phenylalanyl-p-nitrothiophenyl ester 

^ —07 . The same thiol ester, prepared from the same 

hthium salt with sulfur trio.xide in dimethylformamidc, gave a 67% yield 
o pro n rotation of —36'’. The thiol ester, prepared from the 

nuxed anhydride of ethyl chloroformate and carbobenzyloxvglycjd-L- 
p enylalanine followed by reaction with p-nitrothiophcnol in* dimetli}'! 
ormami e, nas optically inactive. Carbobenz 3 doxygh’cvl-L-plien 3 'l- 
alanine p-mtrothiophenyl ester is reported to give a quantitative ydeld of 

car o enzy oxyg 3'C3l-L-phen3dalan3dgl3-cine and equalK' good results in 
other amide syntheses.^^ 


Brif ^99 T-S V [CA™. Zrn.r.. 126, 3734 (1955)J. 

P ; I 'l ‘ ° Boohrmger Sohi,) [C.A.. 49. 2490f (1955)1. 

Fr. pat. 1,090,839 (to Ciba) IChem. Zentr., 129, 852 (1958)]. 
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TIbc u«o of nitroplicnyl thiol cstcn may sometimea result in raeemi- 
zation '‘i The reaction of the thioJ cater of carbobcnzylaxygljvyl-L- 
alanine witli L-plicnjlalanylglycine gave almost half as much dl isomer 
ag IX isomer." /i-Xitrophenyl thiol esters with a terminal glycine residue 
help to avoid the substantial ruk of riicemization.’4> 

The «. and y-thiophcnyl esters of «-N-acylglutamic acids have been 
Bjuthesized from an a-N<acyl x-glutamic acid anhydride and thiophenol 
Under a variety of experimental conditions.**-’** In weakly polar media 
in the presence of a nealc has© the optically active a-thiophenyl ester is 
the major product.** The use of Inethylaaiine increases the proportion 
of (he y-estcr (especially in (he ease of «-N-phthaJoyl-t-ghitaiaic acid 
anhj-dnde) wthoiit causing raccroizatioo. How'ever, in strongly polar 
Bol vents, the o«*5 of triethylamine gives almost exclusively the y-ester with 

taccmization 


Intramolecular i^tniooacyl Migration* 

An K*aminoacyl group on a sulfur atom wiU migrate to a nitrogen atom 
in a stcrically favorable position Thus thiophenyj valmate (XCIV) and 
cysteine give S-valyJcyatcmo (XCV). which rearranges rapidly to N- 
^alyleystcme (XCVl). The reaction was allowed to proceed for two 


HiNcncosCjii, + iiscn,cit(yir,K:o,n ii,Ncacoscn,cn(Nir,)co,n 


cn(cn,), 

XCIV 


CH(CH,1, 

XCV 


4 

USCJI,CiICO,H 

I 

H.NCIICONH 


ciKcn,), 

SCVI 


minutes at pH 7.5. stopped by the addition of acid, and the final product 
was identified by chromatography. Under the same conditions, sub- 
stitution of glycine for cysteine gave only a trace of valylglycine, and other 
aliphatic ammo acids gave no valyl peptides, thus suggesting that the 
reaction occurs first at the thiol group. Histidine gave valylhistidine. 
an indication that the initial reaction was probably at the ring nitrogen. 

Somewhat unexpected was the further observation that thiophenyl 
esters will acylate a neighbOTing amide group. 8»» S-Valyl-N glycyl- 
cysteaminc (XCl'UJ dihydrochloride was treated w'lth base and the 
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product cliromatographed. Since N-valylglycylcysteamine {A) and 
I^-glycylvalylcysteamine {B) could not be separated from each other by 
this means, the mixture -was treated udth S-methyl isothiourea and 
hydrolyzed. The presence of small amounts of a-guanidoacetic acid 
together ■with large amounts of a-guanidoisovaleric acid showed that 
some of the glycine was in the terminal position. This led to the deduction 
that a bis(aminoacyl) imide 0, a new form of mixed anliydride, may have 
been the intermediate. The postulated reactions are sho'wn below. 


CH, — CH, 



Experimental support for this reaction scheme was subsequently 
obtained from the observation that diglycylimide undemvent an N to X 
migration at pH ^ 5 to give diglyeinamide.^^* 

It is possible that the same sort of transformation might occur ■nith 
glutathione in dilute solution. A reactive amino acid intermediate would 
be expected to react first with the thiol group to give a thiol ester. An 
S to N migration to the gl 3 mine nitrogen via a six-membered cyclic 
intermediate followed bj’ an N to X migration of the cj'.steine moiety ■'da 

*** Wioland nnci Mohr. .-Inn.. 599, 222 (1956). 
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a fivc-mcmbcrcd cyclic intermwHate would lead to insertion of the ammo 
acid into glutathione between the cysteine and glycine residues. The 
proecs-s could be repeated. A peptide synthesis has not been achieved 
with S-mcthionylglutathionc. but the objective of previous studies was 
merely the use of S-nmino acid glutathione derivatives for acylation of 
other ammo acids rather than for insertion of the amino aci s into e 
glutathione chain 

Ileaction of S-voljl (XCVIII) »ilh oqueou. 

calcitim carbonate gave a mixture of peptide dcrivatieea. e presence 

ofS.aknj lraljIglyej lej.teamineamoiigtho preduets eon be explained by 

assuming that tlfe vaVgroup llmt m«i.lea from anlfnr to the 
amide nitrogen An N to N migretion «.n theo place either v.lm. or 
alanine in the penultimate position.*** 
cn,— cii. 

I I 

8 Nil 

ICIl.l.CIlClKXII.lCO COClI.NIICOCIIlOTI.Icn. 

.tcvill 

Experimental Conditions 

Preparation of Thiol aa"'!l«tmg m”etiak 

of x.aeylammo acid mixed •“''J''™ . ,|„ „,„d elkjl eerbonie 

for the eyntheais of thiol estera or Ih ,.,cvlammo acid or 

onhydndo hoc been moat uiebffercnt advent, end Ike 

peptide elkyl ‘|„'^;rion of the mixed enhydride. The 

mercaptan is then add^ coupling of alkyl 

subsequent procedure is similar _ esters, 

earbome mixed “j” euslomxrdy dissolved m ethyl 

Thiosaheyhe or ^ tviethybreun. end added to the 

ecelalo eonloimng on "d”' j „honate.“'”‘'““ After J to 

solution of the «-acylamin cy .^tur* is washed with water and 

4 hour, at room '^;„„rtraled to give the thiol eater. With 

dilute hydrochloric acid, a ^ jj, solvent is miscible 

thiophenol. a bicarbonate residue taken up in ethyl 

with water, it is remove solvent) before washing with acid and 

acetate (or other water-immiseible aoiveu , 

bicarbonate. I oiads, the solution of mixed carbonic 

In the preparation o at room temperature in the 

anhydride is saturated tnethvlainme. After the solution has 

presence of one equivalent of tnetny 

„ s n 824, sas ab.1 [OA . 52. i«8fc HSsaii 

••• Schwyicr U S pat_ 4, 94 T (1#5*) 
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stood overnight, the solvent is removed in vacuum, the residue taken up 
in water and acidified with dilute hydrochloric 

When dicyclohexylcarbodiimide is used to form the acyl peptide thio- 
phenyl ester, equivalent amounts of acyl peptide and thiophenol dissolved 
in a solvent such as tetrahydrofuran are treated with a 10% excess of 
dicyclohexylcarbodiimide. After 4 or more hours, the dicyclohexylurea 
is removed by filtration and the product isolated by concentrating the 
filtrate. By this procedure, carbobenzyloxy-e-aminocaproyl-e-amino- 
caproic acid was converted to the thiophenyl ester in 89% yield. 

When amino acid thiophenyl esters are emplo 3 'ed, polymerization of 
the amine component is possible as it is liberated from its salt.«®-®®®’^" 
This is especially true of the p-nitrothiophenyl derivative.®^ To minimize 
this reaction, one equivalent of triethylamine is added to the mixed 
carbonic anhydride followed by one equivalent of the desired amino acid 
thiophenyl ester hydrobromide. The latter may be dissolved in chloro- 
form or other suitable solvent. After 2 to 4 hours the product is isolated 
in the same manner as an a-acylamino peptide ester. Mixed anhydrides 
of a-carbobenzyloxyamino acids and dichlorophosphoric acid react with 
thiophenol and p-nitrothiophenol to give the thiophenyl esters. The best 
yields are obtained if the a-carbobenzyloxyamino acid, thiophenol, and 
phosphoTOS oxychloride are dissolved in tetrahydrofuran, cooled to — 15°) 
and pyridine is then added. The reaction is complete after 1 hour at 
room temperature.®^ 

Amino acid thiol esters are prepared by warming amino acid chloride 
hydrochlorides with excess thiophenol to 70° for 15 minutes and cooling, 
or by allowing the reaction to proceed several days at room temperature.®®^ 
The addition of glycyl chloride hydrochloride to thioglycolic acid resulted 
in a spontaneous reaction. The mixture was then heated for 30 minutes 
at 70 and 20 minutes at 90°. Ethanol was added to give a clear solution. 
Introduction of acetone caused precipitation of S-glycylthioglycolic acid 
hydrochloride in 80% yield.®" 

Wlicn L-vahne chloride hydrochloride was heated with one equivalent 
of thiophenol in benzene for 1 hour at 80° the reaction product contained 
dikctopiporazine, dipcptide thiophenyl ester hydrochloride, and some 
thiophenyl esters of higher oligopeptides.®®® The use of excess thiophenol 
with the acid chloride hydrochloride at room temperature has been 
applied to the preparation of several peptides; glycyl-nn- valine, glycyl- 
nn-Ieucine, and glycyl-nL-valyl-nn-isoleucine were eonverted to thio- 
phenjd ester hydrochlorides in yields of 42, 40, and 80%, re.spectively.®'® 

Phtlialoylglycyl chloride was converted to phthaloylthioglycine in good 

\\ ii-hind nntl Schafer. Anrjcw, Chcm., 03, 146 (1051) 

Wichiiid and .Schafer. Ann.. 576, 104 (1052). 

Wiclnnd and licrnhard. .Inn.. 582, 218 (1053). 
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yield by reaction with sodium hydrogen sulfide in dimethylformaraide 
Exchange reactions between ammo acid thiophenyl esters and other 
thioh are conducted in aqueous or ethanolic solution at weakly acid pH 
with excess thiol ester.*’® 

p-Xitrothiophenyl carboben*yloxygly'cyl-i--phenylalanmate was pre- 
pared in 1)9% yield by treating lithium earbobenzjloxyglycyl-L-phenyl- 
alanmate with tri-p-nitrothiophenyl phosphite in dimethylformamide at 
p-Nitrothiophcnyl esters may also be prepared by reaction of 
tri-p-nitrothiophcnvl phosphite with an equivalent amount of carboxylic 
acid in dimethylformamide at 85“ for 20 minutes Pyridine may be 
substituted for dimethylformamide if the mixture is heated to 60 for 
5 mmule, .nJ then left overnight .t l«*-” Vrid. .re generally high for 


both acylaraino acid and acyl peptides. 

Th, ra.red ...Ifotie .nhydndes of e.rbobenrylovyglyeme .nd of 

e.,bohen.ylo«jslyr)l-h-pk™Jl»'”''"» 

J-nitrothiophenyl esters tn 70% sod 58% ^ ^ , 

Amide Bond Forra.llon. Allboogh .cyl Ib'o » *””* 

the ebsenee of o solvent, th. use of «Mer, .leohols, 
tetrahydroforen, or mixtore. of tb.« r“t“ bul 

eentrstions are preferably on. molar or more for th. ‘™ “ 

reaelion. catalyzed by metal ion. may b. eart»d out m ddute .qeeou. 
reactions caiaiy ze / syntheses of more complex 

;:p“ratroom«mp.r.t.r, b^tthe — 

or thlosahcyhc arid or their eaters ^ 

may be “'»P'"f;l '=/ » removed in vacu.m, th. residue 

t Lmyand the prodnet 

This procedure, I. ith the lh.i>phenyU.ter.g*^^^^»^_^^^ 

carbobenzyloxyglycylalai^e 

than aqueous solvent. “ duces an acid svh.ch 

neutral solution fails becanre . ^ groups and stops the 

reduce, the t^Tbulfer with the result that good 

reaction. "“y of heating under refluxing conditions.’” 

yields may be obtain ^hea coupling has been conducted in 

Betterresultshaeebeenob^wl^^'J^^'2^^^^ hydroxide. For 
the ^ ■'f/o 

example, caro y jy „„i n -lanine when concentrated sodium 

-F a 50% y.e.d of 

AovltMoEljclmTaSt^ 1“« "<“> oolp >*.0 ‘he 

acjl group beuroylglyomo "r einbohenayloayglyeme. They were 
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coupled u'itli the sodium salts of amino acids and dijaeptides in jdelds 
varying from 45% to 80%. 

Several workers have noted that control of pH may be advisable. In 
the reaction of carbobenzyloxyglycylthioglycolic acid vdth aniline 
in buffered dimethylformamide solutions, yields increased from 14.5% 
to 66% as the pH was increased from 2 to 4 but then decreased as the 
pH was increased bej'-ond pH 4. The optimum pH was found to varj' 
uuth the amine. Benzjdamine reacts with S-hippurylthioglycolic acid at 
pH 8 to give 43% and at pH 9 to give 73% of the amide.^^'* The reaction 
of p-nitrotliiophenyl esters uitli amino acids in dioxane solution at 18° for 
18 hours gave excellent yields when buffered at an apparent pH 6.8 "with 
excess solid magnesimn carbonate.®®^ 

Peptide bond formation that is catalyzed b5’^ metal ions (silver, lead, 
copper, or mercury) requires control of the pH to obtain optimum yields. 
Best results are usually obtained at pH 6 to 8. S-Hippurylthioglycolic 
acid reacts \vith glj'cine in the presence of silver nitrate to give the maxi- 
mum yield, 85yoj of hippurylglj-cine at pH 6 ; the jield was only 30% at 
pH 8.1. However, the same components react in the presence of lead 
acetate to give an 80% jield at pH 8 and a 9% yield at pH 7.®®^ The 
reaction is normal^ carried out by dissohdng the K-acjdamino acid thiol 
ester and the amino acid to be acylated in an aqueous medimn and adding 
dropwise N aqueous sodium hydroxide and a solution of the metal salt 
(silver nitrate is best) either simultaneously or altematel5' to maintain the 
pH at the desired value. Buffered solutions have also been employed. 
The reaction mixture is allowed to stand at room temperature for about 
15 hours to complete the reaction. If the metal has precipitated as a 
salt (e.g., silver thioglycolate), it is removed 63- filtration. Otherwise the 
metal catatyst is precipitated with h3-drogen sulfide and removed before 
isolating the peptide intermediate. 


Experimental Procedures 

Thiophen34 Carbobenzylox3'-p-alaninate (Preparation of a Thio- 
phen3’l Ester via the Mixed Carbonic anh3-dride).“® A solution of 3 g. 
of carbobenz3’lox3'-;S-alanine and 1.53 g. of X-eth3-lpiperidine in 13.5 ml. 
of tetrah3’drofuran was cooled to 0° and 1.5 g. of ethyl chloroformate 
added dropwise. N-Eth3-lpiperidinium chloride precipitated at once. 
When the odor of the acid chloride had disappeared (10-15 minutes), 
1.52 g. of thioplienol was added and the mixture allowed to stand 4 hours 
at room temperature. The solvent was removed imder reduced pressure 
and the residual S3'rup triturated with water to induce cr3'stallization. 
RecrA-stallization from water gave 3.7 g. (90%) of product, m.p. 77'. 
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p-Nitrothiophenyl Carbobenzyloxyglycyl-t-phenylalaninate (Pre- 
paration of a Thiophenyl Ester via Tri-p-nitrothiophenyl Phosphite) « 
A solution of 1.78 g (5 mmoles) of carbobenzyloxyglycyl L-phenylalanme 
m 65 ml. of dimethylformamide was neutralized with methanolic lithium 
methoxide and then concentrated to 50 ml- at 50° and 1 1 mm under a 

six-mch column of steel gauze rings. The solution was cooled to -0 an 
treated wuth 1.70 g. (5 mmoles) of tri-p-nitrothiophenyl phosphite, which 
dissolved on shaking. The solution was kept overnight and then poured 
onto water. The product was extracted with ethyl acetate and washed 
successively with N sulfunc acid, water, sodium bicarbonate solution 
(twice), and water The ethyl aceUte was combined with ethyl acetate 
extracts of the aqueous washings and the combined extracts evapora e 
to dryness The residue was recrystalloed from methanoj to give 79 /„ 
of the thiol ester, colorless needles, m.p. 15+-15o , [aJu 

Mrthsnol)." A .olulm of l-W* ■>' 

glycm.te in 16 ml. of methanol containing ifflmg, nf .rfinm nnd O.J g 
of iva, heated nnder refln. for 4 honm. The .olvent 

removed nnder redneed ^ to Cn reS .1.1, d„„.! 

s“hir.‘:. d pt:f;f..ud , . * mv ^ r™ »->»■ 

‘'S“£hy"^fn™ (4 hon. •• ««-l 

of silver nitrate m 3 ml ofwateranaiv 

♦ • 4 .V 4aHat<iO Xbesolutioo was dUulca to 14 ml with water 

to maintain the pH at o.v *•* ..irpr Hiirtmi,... i . 

j 11 j *e, .f.TiA 15 hours at 40 - The silver tliioglycolnfo was 
an a owe filtrate concentrated under reduccil prrtisure, 

removed of «.er nnd aeidiOd 1 pH 2 

?h.”t"ob..in.d after "I "a'limg .Bh 

there was Ob /gfio/,) of hippuiylglycine, m.p 200-200.5°. 

“:brelnfSve,'ni.m.e..b.y-n'-«''-W 
*.acdxamihoacyl sulfates 

<2 If pip Arid anhydrides were introduced in peptide synthenm early in 
loS.- Thfme”^ r.n.1... of an ...eyl.inP 
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acid wth sulfur trioxide to give a mixed anhydride. To this anliydride is 
added the sodium salt of an amino acid to give an acjd dipeptide as 
illustrated in the accompanying equations. 

RiCONHCHlRjjCOjLi + SO3 BiCONHCHlRjlCOjSOjLi 

RiCONHCIKRsjCOaSOjLi + HaNCHCRjjCO.Na -v 

RiCONHCH(R„)CONHCH(R3)C02Na -f LiHS04 

The dibasicity of sulfuric acid makes it possible to obtain the mixed 
anhydride in the form of a water-soluble salt. Thus acylation of the 
sodium salt of an amino acid can be achieved in a single-phase reaction. 

The peptide-forming step involves the usual attack on the carbonyl 
carbon by the amine. Kenner" has suggested that by-products may 
arise because of moisture, disproportionation of the mixed anhydride, or 
by attack of the amine on sulfur as well as on carbon. 

disproportionation : 

2 RC 02 .S 03 Li — V (RCOijO -j- Li2S20- 

Attack on S and C: 

RCONHR -f LiHSOj 

/! 

RCOjSOaLi -f HjNR 

\ 

RCO2H -f LiSOaNHR 
Scope and Limitations 

Acyl derivatives of glycine, alanine, cystine, cysteine, tyrosine, 
tr^Titophan, and phenylalanine have been used as the a-acylamino 
coniponcnts. The hydroxyl group of tyrosine must be protected.^'” 
Yields of acyl di- and tri-peptides have generally been about 60-80%. 
Amides of Ij’^sergic acid were also prepared. 

For satisfactorj' results alkali metal salts of the a-acylamino acid or 
acyl peptide must be employed. 4-Methylmorpholine salts gave ven,’ 
poor yields.183 Commercially available trimethyl- and triethyl-amine 
sulfur trioxide complexes are unsatisfactorj'^ because they are too stable." 

Less than .5% of racemization was observed when the mixed anhydride 
of carbobenz3-loxyglycyl-L-phenylalanine and sulfuric acid was coupled 
" glj cine at pJi / A, but considerable racemization was observed at 
pH 9. Earlier experiments had indicated that racemization was cau-sed 63 ' 
aqueous alkali and not during the anli3'dride-forming step.is^’ Coupling 
the anhydride of sulfuric acid and carbobenz 3 dox 3 'gl 3 'C 3 -l-L-alanine with 

Clayton. Farrington. K<nn.>r. nnci Turner../. CArm. Sor.. 1957 1308 
Orbnvht. r.S. p„,. 2.774.7/, 3 (to Eli Lilly) [C.A.. 51. 0710/ (19.77)]. 
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L*phrnj UUnjl^lv finp «t pH 7 * nvp • nitio of ix lo dl tctrniK'pti.Ip of 
C2 I. TliP j.n«iuct« H< rr upparalnl l.y * 

»ai ihsl formnlion of thr trtrajH-ptlilo ««’ » »!o«cr n-action 

than that of the tri[ir|>tiilp. nn that more mcrmiuitjon ntnl hy<!rol3-iH 
occurmJ »nh the fomirr Thr trffn|fiit«ip fomiMl m CO®i yiplii, 
thr carlK>lM-nj;>lo»t(!l>cjl L-phrnyUUnjIglycjne in 83*^, yirlil. Sub- 
aofiupnt work nhownl that, if thr |>H «ia4 kept U‘b«- 0.8 by 
macnr^uim «ir»Kiiialr. !<•« Umn i».of ihr trl»l>ci>tu!c «aa ract-mizcd. 

Whrn ratrn nrrr «,.»H.,i«tr,l for Ihr ro.!mm Mita ofammo acuU and 
the nartiona eamrti oul m dry dim. th)lformaTiii>Ir. no rocemization was 
obvrrnl.*.*'* Thr uv* of r^ten m ...eft roirrnt, obviates the necc«.ty 
for eontrol of ;.n . a mole of tneihibmior w merely adJNl to the reaction 


muturr. 

Tlir aiilfiinc acid mixe.1 anhy.lri<te «iU not aejUte an aim 
intramolreularly * Thii ol.-iefvatwn may prove of «ome value i 

•J*nthr»wofixTtnlniofa«jwrapmeorph>tamlne. 

■n,. .rto'irvi- r-"""- ‘"'i Ii j'vt 

anhydriilra of aulfonic an<l carboi)lic BCid< 

JO.,;, o.poH™n,. ...h 

»..i,l.o™o.o, >ho ,ok)-.,r«,0' Troio-oo 1.3- 

•oh, J„<,o, .0,1 00, Wd of r.,ol»ono.»,fooy,.oL. 

.,..u,fonie .0 , I!”™ *,■ of ...oylomioo odd. 

•,«nloo morrl.ol,.lo.'" “ .. .Uy.W.., probolly a..proportion.t. 

propom, r„„ .,,0.0 oyoLo •“ L, byL omioo. 

ro.,,ilyor.moro,.koly,«ro.l.«*nl J^obobenzyloiyglycno ood 

T,.. „i,od •",.>■.'"3" r",7r"J^„”,y,ta,,i„,..,.hyd,of„oo„.t 

.h,on.,o, . ddino. g-vo „.boboozj,oyygljojlg]ycino 

Lt^r::oC!::y,"Lrr.dob,o,,do.oo^^^ 


Experimental Conditions 
, • 1 ..rroareil by adding Bulfur trioxide in tlie form 
■ “ ““ ““ 

^ d.,. V..I Bm I>«v Corp) (1954) 

...r, Dri. p.t 714J31 <'» * ^ c«p I tC*«i Z«r- . 127, 5968 (I95B)] 

,.t l.OIS.SS'H”*'**' Be. Dw Coq. KCT.m Z.nlr , 129, 7251 (1937)]. 

- ft,enner, S».« P»' YjjViu. K»« IX>»- Corp ) ICA , SI. 2853f (1857)] 

:: eppl ■l.oeJ.Tt* <«. Be. D.T 0»p ). 
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the a-acylamino acid or peptide in dimethylformamide, a particularly 
useful solvent for this reaction. 

Alternatively, a solution of known normality of the sulfur trioxide- 
dimethylformamide complex in dimethylformamide may be introduced 
into the cold solution of the salt of the a-acylamino acid or peptide. 

Sulfur trioxide was formerly prepared from sulfur dioxide and oxygen 
in the presence of a platinum catalyst at 650° and distilled t\vice before 
conversion to the dimethylformamide complex. Sulfur trioxide prepared 
from oleum usually contained traces of moisture and gave lower yields 
than that prepared from sulfur dioxide unless the dimethylformamide 
complex was purified by recrystallization.s The complex may be stored 
for several months in a refrigerator . 370 Sulfur trioxide-dioxane or 
sulfur trioxide-pyridine complexes do not give satisfactory results. 

The salt of the a-acylamino acid or peptide is prepared by exact 
neutralization of the acid in dimethylformamide with potassium methoxide 
or ivith phenyltrimethylammonium methoxide in methanol followed by 
removal of the methanol in vacuum at 50°.^®®. ^’ 2 , 373 drying the phenyl- 
trimethylammonium salts, some decomposition to dimethylaniline and the 
methyl ester of the carboxylic acid was observed.^’o Lithium methoxide is 
nowfavoredforneutralization6.36,370becauseoftherelativelyhigh solubility 
of lithium salts of a-acylamino acids or peptides in organic solvents.®” 

The reaction of the sulfur trioxide-dimethylformamide complex with 
t e^ potassium or lithium salt of the a-acylamino acid in dimethylforni- 
amide is complete ivithin 1 minute at 0°. The stability of the mixed 
anhydride with respect to disproportionation was investigated by the 
preparation of tosyl-DL-alanylcyclohexylamide. Quantitative yields of 
amide were obtained when the mixed anhydride was aUowed to stand for 
3 to 130 minutes before the addition of the amine.”® 

The mixed a-acylamino sulfunc anhydrides are fairly stable at pH > > 
higher pH. For example, the half- life of carbobenzyloxyglycyl 
it lum sidfate in 40% dimethylformamide containing potassium phos- 
phate vaned from 10.5 hours at pH 6 to about 1 hour at pH 9 and about 
0.1 hour at pH 10.® During the reaction of the mixed anhydride with the 
aqueous amino acid solution the pH is controlled either by the use of a 
buffer such as powdered magnesium carbonate, or by the addition of 
alkali to rnaintain the pH between 7.4 and 8.5, using phenol red as an 
indicator. hen magnesium carbonate is used, stirring is continued 

for 15 hours. Excess magnesium carbonate is then dissolved with hydro- 
chloric acid. When sodium hydroxide is emploj^ed, the reaction mixture 
may be worked up 15 minutes after the addition of the anhydride. In 
reactions in anhydrous dimethylformamide, the reaction is allowed to 
proceed for 1 liour at 20°. 
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In most eases in Mhich sulfuric acid mixed anh 5 'drides have been 
employed for peptide synthesis, coupling has been between an a acy 
amino acid or acyl peptide and an ammo acid sodium salt so that pun 
fication has necessitated the use of countercurrent distnbution An 
eleven or twenty-two transfer distribution 
molar phosphate buffer has proved satisfactory.**’' 


Experimental Procedures 

Sulfur Trioxlde-Dimethylformamlde Complex.*” Su^ur ‘“oxide 
di.lilled d„Mly onto the mrf.ce of dmethjlfotm^.d. wh.ch » 
.t™d end cooM m .n ,e. beU. ^Vhen etpt.l. -P™*'; 

distdktion i. Mopped nnd dimethyUbrnumA .dded to S 

solution which is standardiaed by titration Wit **^“®°^* ^ j uj 

Preparation of Anhydrous Salts of «- ^ to 50 ml. of 

to ten millimoles of the a-acylammo acid methanodc 

dimethylformsmid. and 

pot., Siam methoxido or S-em. p.cked column, 

temovad by distiU.tion " “ '‘f"” L o.ed They .r. prepared 
Phenyltrimethylemruomum 

l>yneulr.lieinglh....cyl.'nu'o ““ „Mi,„,olio sodrum 

phenyltrimethylimmomum p.tolueneeuiion.u. 

methoxide .. «„iai«iilne A solution of 

Carbobenryloj^Jlycyl^-f'-'P * j^,jde.diniethylformamide complex 
10 mmoles (6,6 ml ) of the ^ mmoles of potassium 

in excess d‘«*e‘‘'y‘^®^®^®'j®hviforiDamide and the reaction mixture 

carbobenzyloxyglycinate in ^ ^led in an ice-salt bath. A 

shaken at 20° for 6 PL-phenylalarune in 10 ml of water and 

solution of 1.98 g conUining phenolphthalein was then 

12 ml. of aqueous sodium ^ solution of the mired anhydride, 

added with stirring m hydroxide was then rapidly added to 

Sufficient 0 5N aqueous njinutes the solution was 

restore and maintain t e P under reduced pressure to 

neutralized with 31V su un^ jnl2inl of 31V sulfuric acid and 60 ml. of 

a syrup which was W and the aqueous layer extracted 

ethylacetate Theethyl aceUteextracts were combined, 

four times with ethy ^ ^ ^ yellow oil An eleven- 

dried, and ethyl acetate and M phosphate buffer (7 

transfer distribution phosphate to 3 moles of dipotassium 

moles of gave 2 6 g (70%) of product and 0.7 g. (3 mmoles) 

hydrogen phospha ej g Rccrystalhzation of the product from ethyl 
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our.AXic HKAcrriox.s 


frivnc I pl'onol ml rnditT thnii piu'noli)litlmIcin to control tlic pH 

fenes better results with opticnlly active amino acids.^^'- 

s-ACM.AMINOACVL alkvi. and arvl sulfonates 

chlnrlri reported that benzene- or p-tolucnc-sulfonvl 

have ’'•'^'•‘d for the synthesis of peptides,” these chlorides 

chloride^^^ *^'iccessfully used in such syntheses.^" Methancsulfonyl 
poor resnU l>nt, suifcn‘vl and sulfinyl chlorides gave 

nlnninate ^ m of nietlnd carbobcnzyloxy-DL-tryptoplnd-^- 

is 1 ustrated in the acconij)anying equations. The two-step 



it,ycir,cir,co,ciT, 

(Cjnp.x 



-f (C.HsjjNHSOjCH, 


raixea anj'^ 


.nd "“•™ -f .oa 

by way of the symmetricaf anhyiide 


ocope and Limitations 

proclr^lSr :: o’j^ained with the sulfonyl chloride 

procedure. Reaction of L-prolinf-'' chloroformate 

sulfonyl chloride in the presLce of p-toluene- 

t ot sodium bicarbonate gave, in addition 


F. C. JIcKay. Unpublished 
Sokolowska, Kupryszewski, 
(1958) [C.A., 52, 16236g (1958)]. ’ 


results. 

and Taschner, Bull. acud. polou. 


sci.. 


Classe III, 6, 89 



.sYXTnr-'<i’< <iK J'KtTinns wmi siixkd ANUYoiiiDrs sbi 

lo It T’®, .\icM of /..tolufiK-«>lfi>n>lL.|'«>I‘W. “ ^‘°o yirld of p-fohiene- 
Milfomt L-i.n.ltl i-pwlinr*-’ A mwl afihtilndc between /.-toluene- 
»ulf«njl.L {.rolme an.l ;..tohirnr»Mlfonie*cia uai presumably formal m the 
anurous aoliition «... • . . • 

Til- mixliUralioii iTC pfi.l.n- ... .jl.-nt" -'Uli 
.Mil .nil s.« .1.1- rr.rti.™ ...I. ».M,n.,lo.y..».no 
IilitlLloyl .nil ley I ilii- iiliii- -.ter* «-«■ ol’t."''-' „ lo 90 3 le i . 

rxperlmefttal Conditions 

A „li.l»n „t 111. .-.-yUm.no .cl .ml on- -on.v.l-nt «f 
in an inert nolvent such os acetone or toluene wcoo « no chloride 

.ith m-.l,.„-,nlfon3l -hlonJ- .ml m O' “o 

n, l,-n.-„.ulf„njl -r.lon.l-, Tl.n ccon mulnm - ' ■™ 

30 minin-., .ml tli-.min- In li- n-yUmS ... -ns .dJitional 

. .UII.U- .. .-.on- 

mole of tnethjiaminc walviaddesl. If 

.,.,n.U.o..l.l.Uon.lmnl-.otln-.9>Umm.^» ^ 

Th- .mKl-fnrmmi! .I-? “"""L ..L-l lo OJ-iO" for 5 minut.., 

1-Tnn-r.lur-. or ll.r rr.cl.on nn.lnm u I" ^ 

rooM, .0,1 no,k-,l ..f. Th- ImU.ion ^ 

prmlucl. form-l by th- mii-1 •'J'.f nhen the .-acylammo acid 
Th- -.-.,00 .1.0 PP"7"’ Tpy^ 'n. .nJ on. -qniy.l.n. of 
.0,1 amino .cl -1-r .r- „ f 1, bol.t.d by dilnUng 

t..o.-„-,,lfon,l -l,lor,<7- 
the reaction mixture wit li water at 

Experimental Trocedures 

^ ^ . leucvl-t-leuclnate.'” ABolutionof26g. 

M.lhylCarbob.n.jloWn „f ,„-,hylan.in. m 200 ml. of 
of -aibob-n.ylo.y-i-l«n-|” d „U, 7.2 ml. of m.th.nt.nlfonyl 

attlono -ool-l W ■ ^ .1 -10' to form tho 

-blonde, f..' I,,, .dd.d 17.2 g. of m.thyl L- 

m,.-d anhylnde. 1 o c 75 ml. of -hloro- 

I-ucin...l.jdro-hlor.d.." l^__^ ^ t-mp-r.tur.. 

form, .nd Ihe mmloro ^ 

Stirring .... con .nnrfl^^^ The 

removed by distillat . successively with dilute hydrochloric 

ethyl acetate bicarbonate, and again with water The 

acid, water, aq concentrated and the residue recrystal- 

SLt -iSi •« *■" 

A ,T d,„«er Cril«/.<1" C»«. Ci«mu-« , 20, 1 (1955) Pubb.h.d 

... l«eS (»*M) [C * ■ «. 
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carbobenzyloxy-L-leucyl-L-leucinate, m.p. 73-81°- — 35 8 + 0.2° 

{c = 1%, ethanol). ^ ^ 

Ethyl Carbobenzyloxyglycyl-L-leucyl-D-tryptophanate.is To a 
so ution of 8.1 g. of carbobenzyloxyglyc^'-I-L-leucinc and 7 ml. of triethyl- 
amine in 70 ml. of toluene, eooled to 0°, -iva.s added 4.8 g. of ji-toluene- 
•sulfonyl chloride and the mixture wa.s stirred for 30 minutes. To the 
solution of the mixed anhydride was added a solution of G.G g. of ethyl 
D-tr:^tophanate in 40 ml. of warm toluene. The mixture was heated 
pi y to Go , kept at this temperature for 5 minutes, and then cooled, 
lie solution was successively washed with n-ater, dilute hydrochloric 
acicl, and aqueous sodium bicarbonate and the solvent removed to give 
i-l g. ol product, m.p. 127-130°. 


a-ACYLAMINOAGYL PHOSPHATES 


The a-acylaminoacyl phosphates that 
synthesis have the general formula XCIX, 


have been used for peptide 
where RiCONHCHBjCO is an 


O 


OR, 


RiCONHCHRjCOP — o 


XCIX 

•^'^hyl, phenyl, or benzyl, or 
1 1 ^ phenyl. ^Kxed anhydrides of 2',3'-isopropyli- 

sSls'cTaTe ako carbobenzyloxyamino acids 

thev havf^Tin^^ acylaniinoacyl phosphates are of interest biochemically, 
they have not proved to be of practical utility in the synthesis of peptides. 


OB, 


CHg-^C — CH 3 
0^ O 



tC7.A., ss.'^ossn Ooklady AM. Nauk S.S.S.R., 123, 864 (193 
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In general, anlijtlnilM of phosphono *chI or «ts mono- or di-alkjl deriva- 
tives with ».aej-lamm() act.U an* not fo readily prepnreil as a number of 
other mixeii onliydndes. Furthermore, the newuwry phosphate must 
Itself bo jynthesiieil U-for.' U ran lie convcrtwl to the a-acylammoaeyl 
phosphate’, and the use of the «.ac>laminoae>l chloride for the preparation 

of the aminoacyl phosphate adds an additional step. The use o es ere o 

the enol phosphate of malonic acid tosynthesire a-acylaminoacy p os 
phatc«»'-»« might increase the utility of phosphate anhydrides. 


Scope and Limitations 

Us. ol an n-Ac)lamlno Add Mls.nl Anhydride nnd ^ 

Salt. The un. of s.eeylsm.nosejl pho-ph.lrs “ 

■"ggestions of L,pm.nn”. th.t eeyl phosphsirs sapphrd the 
necewr}- for peptide bond formation la tim- 
rnol phosphates, the work has lieen largely limited to m e pe 
'sith earbobenxyloxy- nnd phlhaloyl-glyo>*'^- «i,n,nhate 

CarbobcnzyloWycjl clLide reacts «i.h 
to give silver phenyl onrbobonzyloxyglyO .Qijtion at aH 7.4 
anhydride is fairly stable for several hours in , j^cyjglycine 

at 37- but reacts rapidly aith glycine to the 

in high yield. The reaction was camesl onto >7 

proilucts «-ere identified by paper chromatogwp y- phosphate at 

Hydrogenolysis of silver phenyl atpHSO 

^is™s;ey, eh, odd. 

dibenzyl phthaloylglycyl phosphate. standing The 

readily disproportionatcs «^Juispmportionation - 

addition of tricthylamine causeil rap ^ exothermically 

Dibenzyl phthaloylglycyl phospha c oiy yield •*' There was 

with aniline to give phthaloylgly<7 ® -.-tpti to give N-(dibenzyI- 
no evidence tliatthe mixed ‘‘"’’J'' * , yi phosphate also acylates 

phosphoryl)amhnc. Dibenzyl pht ^ , yii]„.ept,dea m 83% and 

OL-phenylalanine and glycine to give the phtl.aioyii. [ p 
01% yields, respectively. 




ft, ISSZ (ISSS) 
n lunsr lli«li"«- 

d rAr.„dr rlirm. Wdd . «. »«* (>»'*> 

,,/^odUd., IM. 

,d rP»r.k,J..< 
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The reaction of phthaloylglycyl chloride Avith triethylammonium 
dibenzyl phosphate gave only the symmetrical anhydrides-^ss 

Carbethoxyglycyl phosphate was prepared from carbethoxyglycyl 
ethyl carbonate and phosphoric acid, but no amides were prepared from 
tins mixed anhydride.^®’ a-Azidoamino acid chlorides react ■noth silver 
dibenzyl phosphate to give nearly quantitative yields of the mixed anhy- 
drides of the glycine, DL-alanine, and DL-phenylalanine analogs.®*® 
Hydrogenation in the presence of Raney nickel reduced the a-azido group 
and further reduction with a palladium catalyst removed the benzyl 
groups. The mixed anliydrides were isolated as the disilver and also as 
the neutral barium salts in about 50% yield. 

The mixed adenyhc acid DL-valine anhydride (valyl AMP) has been 
prepared in 10-20% yield by warming the sodium salt of adenosine-5'- 
phosphoric acid wth thiophenyl-DL-valinate hydrochloride in dimethyl- 
formamide for half an hour at 120°.389 The synthesis of L-leucyl adeno- 
sine-S-phosphate was achieved in 9% yield from L-leucyl chloride hydro- 
chloride and disilver adenosine monophosphate in acetic acid.®*® 

Use of an a-Acylamino Acid Salt and a Phosphate Mixed 
y ride. The conversion of an a-acylamino acid directly to a 
p osp ate anhydride vithout the prior formation of an intermediate 
acy ammo acid anhydride is a prerequisite for any practical phosphate 

mse aifrydride synthesis. The use of an enol phosphate of malonio 
ester achieves this. 

0^ acylamino acid ivill react ivith a-ethoxy-d-carbethoxyvinyl 

CTT ^ j ^ a-acylaminoacyl diethyl phosphate 
ClI and diethyl malonate.®®i>® 82 , 39 i 


O OC2H5 


RiCONHCHRjCOjH 4 


(CjHjOjP — 


O— C=0HC0,C2H5 — 

ci 


RiConhchRjC02P(oc,h:5), 

CII 


CH.ICO.CsHj); 


Carbobenzyloxy derivatives of gl3'cine, DL-alanine, and L-leucine have 
ecn converted to diethyl phosphate mixed anhydrides and used to 
acylate the esters or sodium salts of amino acids and peptides. Over-all 


ai7 

>11 

St* 

S»4 


Avuion, J. Chrm. Soc., 1955, 732. 

^ Chrm.. Iloppr-StyUr's. 295, 362 (1953). 

U. eland. X.omann, and Pfleidemr. Anyr^c. Chem.. 68. 305 (1956). 

^ -W. 5e,-. 42. 325 (1956). 

Cramer and Cftrlner. Chrm. cL- I„,J. (London), 1958, 560. 
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JicUh of i-rwliict variwl from 61% to 87% TIiLs raefliod would be 
eipocted to be accomiwniwl by racemuatum when it H possible 
The enol phospimto Cl ean be preparcl from tnethyl phosphite and 
bromomalomc ester and otorrsl “* Thia is the onl} feasi c roe o eo 
far developetl for the aynthesw of a-acj-laminoacyl phosphates. 

Silver carl«l,enzylo*y.L-Jeuem.te reacts with 2',3'..sopropyhdene. 
adenosine^'.bcniyl ehlorophoaphafe m a mivtore of 
and dioxnne to give the imxed anhj-dritle C [R — ( s)* « 

an oil. This oil aeylateel roelhsl plycinate to give methyl “^^“YnTte was 
L-lcucylglyeinate. -Methyl carlwbenrylosyglyey -L-p eny “ _,p*hvl 

Hmilaiy prepared from silver carbobenzybxyglyemate and methyl 

;:p.. ? 

the more reactive diphenyl carbobeniylotjg y y 

fullyprepare<lfromthe^^cthylp.pc^dini.»n«^^^^^^^^^ 

.nd dTh^njl ,l.lo,op.,o.rh.to 

glycylglj.m« m 10% yWd. 'jyJJlptopl.ont .tid If e>Mr 
of .rp.r»lii.g 11.0 difficulty might 

mstc.dofthe>odiumsoltof tl.o«mmo y,.,u „f 

be avoided, but disproportionation mg 

product. .cvloeptide diphenyl phosphates such 

The intermediate ihe^Sion of acylpeptide anions with 

as Clir has been postulated diphenyl phosphate 

diphenyl isothioeyanophospnatc i CV which cyclizes. 

reacts w itli isothiocyanate ion to gi 

ItjCOXnciIRjCOi + (C,H,0),I^tJ*'CS’ 

*■’’ jl,CONnCHBfCO,PO{00,H,)a + NCS' 


'oro(oc,n.). + RjConiichKsCOncs 


B,CON CIIR, 

I I 

8=0 C=0 

\n/ 
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Actuallj^ the direct preparation of the acyl isothioevanate C\^ from the 
acylpeptide and diplienyl i.sothioeyanoplio.spliatc (CIA') might well be 
the principal reaction. This .synthc.sis of a diphenyl acylpeptide phos- 
phate was designed to be used in peptide degradation rather than syn- 
thesis. While the slomiess of the cyclization step would permit an 
amino acid ester to react with the various anh3’dridcs in solution, the acj’l 
isothiocj’anate CV ■would be expected to add rather than acjdatc the first 
mole of amine. 


R 1 CONHCHR.CONCS -f n,NCII,CO.CH, 

R iCOXnCH R .COXHCSNlICir.CO.CHj 


The possibility of an a-aejdamino acid reacting •with a tctraalkyl 
pyrophosphate to give an a-acylaminoacyl phosphate ester that could be 
employed in peptide synthesis was investigated (unpublished work, but 
see ref. 19). However, tetrabenzyl-, tctraphenyl-, and tetra-p-nitro- 
phenyl-pyrophosphates gave disappointing results with tosjdalanine and 
cyclohexylamine in model experiments. The authors state that “pre- 
sumably in the basic medium the acyl phosphates are rapidly brought 
mto equilibrium vith the two symmetrical anhydrides.” If this is the 
reason for the poor results, the sjunmetrical a-aejdamino acid anhydride 
should give a 50% jdeld of amide plus a 50% recoverj' of the a-aejdamino 
aci . The^ acid could then react nith more tctraphenyl pjTophosphate 
to give ultimately another 50% yield of amide. If, however, the amine 
reacts with either the mixed anhj'dride or the pjTophosphate to give a 
diester phosphate amide, no further peptide bond formation would 

occur.=®2 

'^e reaction of benzojd-DL-ix-glutamylglycine c 3 'clohexylamide (CVI) 
vuth one equivalent of tetraethyl pyrophosphate gave a 67% 3 deld of the 
jmi e evil. The use of two equivalents of tetraeth}’’! pjTophosphate 

CeHsCON^HCHCONHCHsCONHCeH,, CsHsCONHCHCONCHjCONHCtHji 

ch:jCHj,C02h: 

CVI 

CHo 

increased the yield of imide to 89%. but the recovery of the product was 
compUcated by the presence of excess pyrophosphate.^” The same 
product, evil, was obtained in 99 % yield with thionyl chloride in pyri- 
dine, in 95% yield with ethyl chloroformate, in 76% 3 deld vdth excess 


911 

3«3 


^derson Blodinger, Young, and W'elcher, J. Am. Chem. Soc.. 74, 5304 (1932). 
Clayton, Kenner, and Sheppard, J. Chem. Soc., 1956, 371. 
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cold acetic anhydride, and in only 6% yield with the sulfur tnoxide- 
dimethyl-formamide complex. The yield of product CVTI exceeds 50% 
when tetramethyl pyrophosphate is used, although no amine is present to 
remove the phosphate as a diester pbospliate amide. It is not yet 
understood why the use of tetraalkyl pyrophosphates gives poor results 
in peptide sjmthesis. 

a-Acylamino acid anhydrides of phosphoric acid rather than its esters 
have been prepared, but these anhydrides have not been used for the 
controlled synthesis of peptides. Phthaloylglycyl chloride and alanyl 
chloride* react uitli monosilver phosphate to give phthaloylglycyl and 
alanyl phosphates.”* Phosphate anhydrides of glycine,*** alanine,*** and 
leucine,***!**' and the and y-phosphate anhydrides of L-aspartic and 
L-g!utamie acids*** have been prepared from the silver salt of the carbo- 
benzyloxyatnino acid and dibenzyl chlorophosphate . the three benzyl 
groups are removed from the intermediate dibenzyl earbobenryloxy- 
aminoacyl phosphates uith anhydrous hydrogen bromide in carbon 
tetrachloride. In neutral aqueous solution the monosmino monocar- 
boxylio acid phosphates are rapidly hydrolyzed and polymerized, vhereas 
£-^.aspartyl phosphate and L-y-glutamyt phosphate do not polyimrize 
readily. The results are in marked contrast to those obtained with 
amino thiol acids. a-Amino thiol acids (®H]NCHRCOS®), existing in the 
zwitter ion form, are unceaetive touard ammonia or other amino acids.*** 
The Mork of Chantrenne** suggests that amino acid phosphates*"-*** 
might react faster uith peptides than uith themselves, hut a controlled 
peptide synthesis still would not be feasible 
Alanine phosphate* was partly converted to the cyclic anhydride 
CVni on drying in vacuum. 

n,ccir — -CO 

I I 

JIN' O 

\ / 

r 

^ \ 

O OQ 

mill 

L-^-Aspartyl phosphate and n-y-glutamyl phosphate react w ith aqueous 
ammonia to give L-asparagineandi.-glutamme, respectively, in 90% yield, 
so that it is reasonable to assume that these anhydrides could be u^ed for 
the preparation of L-^-aspartyl ort-y-glutamyl peptides Contamination 
• The opticel configu™'ion hm rot ppenfied roralanine or Icueine 

Cereyon-Ceolil on"! Njrwyrn Yon Tbooi.Co«p, rrorf., tSS, 1031 tlS54) 

•w roechl. Bull Cemunl Jtratl, J. SIS ,(H521 

K.trh.lsky on.l Peerht, /. I- CV« See, 7S. aO«t (19341 
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of the product with some of the a-isonicr miglit occur under some con- 
ditions since the reaction could proceed at least in part through the 
amino acid anhydride. 


Experimental Conditions 

Preparation of the Mixed Anhydride. Carbobenzyloxyamino acids 
react with a-ethoxy-^-carbethoxjwinyl diethyl phosphate in warm dry 
acetone to give nearly quantitative yields of diethjd carbobenzylo.x 3 ’amino 
acid phosphate. The reaction maj' al.so be conducted in dimethjd- 
formamide at 40° for 24 hours or at 70° for 1 liour.^"* 

Phthalojd- or carbobenzj'loxj’-glj'cjd chloride reacts with silver 
phosphates in ether or benzene when shaken for a few hour.s at room 
temperature. Shaking carbobcnzjdoxj'glycyl chloride with disilver 
phenyl phosphatc^^’ for 2 hours in ether gives silver phetijd carbobenzj'l- 
oxyglycjd phosphate.-- When equimolar amounts of phthaloj’lglj’cjd 
chloride and silver dibcnz 3 'l phosphate were shaken in benzene for 4 hours, 
a 25% molar excess of the silver salt added, and the mixture shaken for 
an additional 2 hours, cr 3 ’stallinc dibenz 3 ’l phthalo 3 dgl 3 X 3 -l phosphate was 
obtained in 91% yield.’®® The azido acid chlorides corresponding to 
glycine, DL-alanine, and DL-phen 3 dalanine gave ncarl 3 ’ quantitative 
yields of the mixed anhydrides when the chlorides were shaken with silver 
dibenzyl phosphate in benzene for three days at room temperature.’®® 
The reaction of phthaloylgl 3 'oyl chloride A\nth triethylammonium dibenzyl 
phosphate in benzene gave a 58% yield of phthaloylglycine anhydride 
based upon the chloride. A 71% yield of tetrabcnzyl p 3 ’rophosphate was 
also isolated.’®’ Carbobenzyloxyglyc 3 d chloride reacted with pulverized 
silver dibenzyl phosphate at 4° overnight (shaking for the first half hour) 
to give a 50% yield of crystalline carbobenzylox 3 "glycyl dibenzyl phos- 
phate.’®’ Carbethoxyglycyl phosphate was prepared via the mixed 
carbonic anhydride.’®^ The addition of diphen 3 d chlorophosphonate to 
a cold (0°) solution of carbobenzyloxyglycine in tetrahydrofuran con- 
taining one equivalent of N-ethylpiperidine gave a solution of diphenyl 
carbobenzyloxyglycyl phosphate which can be used as such.^® 
Preparation of Amide The amide-forming step is conducted by 
mixing solutions of the a-acylaminoacyl phosphate and the salt of an 
amino acid at room temperature. The latter solution is preferabl 3 ’' 
buffered at pH 7.4. Dibenzyl phthaloylglycyl phosphate in dioxane was 
allowed to stand for 16 hours with two equivalents of glycine in a boric 
acid-borax buffer of pH 7.4. Removal of the solvent and recrystallization 
from ethanol afforded a 78% yield of pure phthaloylglycylglycine. In 
similar manner, crude phthaloylglycyl-DL-phenylalanine was obtained 

Chantrenne, Biochim. el Biophyn. Ada, 2, 286 (1948). 



SVNTIIKSIS OK 


I’KITIUKS WITH MIXKU \NJIY1IHII>^:.S 


f™m ,.l„l,.bjl(lyo5l ptoplb.c .n.l ..L.|.l,cnjl.l.™„. ,i> S3-. 

Urn- .im.llHr.rso-i of •■»>"<■ „ ... 

countcrcorrrnl ihHnl.<ition J in <1 solution O.Ol.U «ith 

p^iuct.. 0.1.1/. The- 

r«~<prct to tlir ammo acui or |>op .. i,.„„rr«T 

.lo not rriirrsrnt ^H-thoxy^ carlx-tl.Dxj-rmyl 

CarboUnzt oxvammn a jiold of .l.rthyl carbo- 

<lirthyl jiliosphatc to pwr A_ „.rmcl in drv acetone or ibmcth>1- 

t,cr*}Ioxyammo acl pl-ospbatc 

formamulc at 40' for 24 houm or at .0 for 1 hour 

Experimental rroceJures 

Dibeni)! of dry bcnicno «ax 

(12mmotr«) of -r ..jrcrddx-niyl pho-phalo for 4 hour* 

ahaken with 4 fl.lR. ( j .^rtwn of the silver salt (UOg, 25®/o 

at room lomi-ratum. A ‘ „«,,bakcn for twoadditional 

molar exet-**) wax addwl an through Cclito to remove silver 

hours The boniff''' by freezo-drying, The residue 
salts and the filtrate ^^ippriment gavo a crystalline 

orjstallizeil on seeding t ,I!_~rnture.) The product was triturated 
jirwluct after 4 days at room pr containing 5 ml. 

«ith 20 ml. of ‘‘O' „“ ml. of dry ether. Dibenzyl phthaloyl- 

ofdry benzene, and final!} obtaineel as small needles, rap. 

glycyl phosphate (5 11 R-, • /* 

... p.ir.e«‘ A solutior. of I 09 g. (2.34 mmoles) of 

PhthaIoyl6lycy‘ft‘y«‘'**- . ^ m 10 of dioxane was added to a 
clibenzyl phthaloylglycyl p P . ^ j„ jq of g, bone acid-borax 

solution of 0.353 g ‘T . A05H borax to 0.2df boric acid to pH 7.4) 
buffer (prepared by ^ect solution. The mixture was 

About 5 ml. of dioxan w p^ncentrated under reduced pressure, and 
allowed to stand for 0^ 0 5j g ,53%) „f p^ude 

tbe residue recrys Opcrystallixation from ethanol yielded 0.478 g 

product, m.p 18^*^ - ^ 229-231°. The mother liquor 

(78%) of phtha'‘oy‘8^ ®Jypb. after recrystallization, weighed 0.08 g. 
Yielded additional product 
U3%). m.p 227-230 . 


ipyptophan ' 


• un.peffiw* •!>*•«' eonfigotsi 
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dichloropliosphftto nnd rot vi* » denvatiTC of the «-ammo group 
The latter tj-pc of compound haa been *ho«n to give tr.s-am.do compounds 

«hichrcnctveryelo«ly«»tha-acj-lMnino*cids"’ 

One mole of phosphorua oaychlor.de per mole 
the maximum yield of product, ahowmg that oidy one c 
participates in the aynthes.s of the anhj-dr.de The J 

preparation of methyl earbobenzyloxyglycylgiycmate are therefore the 

following. 

cbIo^^Ic^,co,H + ron» 4 tc,ii,),N- ^ ^ 

Cb«.NHCn,COFCl + (C,H.),NnCl 

Cl 

CIX 

cix + ii,Nrir.c(..CH. - cbroM.c.i.co.vncn.co.cii. + ci.i>o,on, 

The mixed anhydride CIX 

benxyloxyglyeino to give presumaW^ 

reaction has been observed only with g y 
the lack of ateric hindrance with this ammo a 

c.ii.cit.ocoNilcn,coN(CH.co,ii)OCOcn.c.n. 

j «K«rfride svith phosphorus oxychloride 
Pynmo .cld foms . .old ..Mr..”'."' 

which permits the preparation ot pyru J 

"’'"'”C.d“r:;.h...oorp.p«e.w..H 
Three procedures have been crop y orocedure follows to a 

phosphorus oxychloride.*** .^’'Ir^a.acylamino acid and 0.01 raole 

cooled solution, —15°, of 0.01 mo . . jg added with shaking 

of amino acid ester in 50 ml. of , ^ immediately by 0.02 mole 

0 01 mole of phosphorus Tfop completion of the reaction, 

of triethylamine. One h^r » sometimes with improved 

Pyridine may be used in place of J 
yields.*^ 

-- 



270 


ORGANIC REACTIONS 


Diethyl a-Ethoxy-p-carbethoxyvinyl Phosphate.®®^ An ice-cold 
solution of 6.2 g. of triethyl phosphite in two volumes of ethyl ether was 
added dropwise with stirring to an ice-eold solution of 9 g. of diethyl 
hromomalonate in two volumes of ether. The reaction mixture should 
be colorless at the end of the addition ; the use of impure starting materials 
or too rapid addition of the triethyl phosphite produces a yellow color. 
The ether was removed under reduced pressure and the residue distilled 
with caution because of initial foaming. The main fraction distilled at 
124-12670.05 mm.; = 1.4513. The yield was 9 g. (82%). 

Carbobenzyloxyglycyl-DL-phenyIalanine.®8i A solution of 1.04 g. of 
carbobenzyloxyglycine and 1.48 g. of diethyl a-ethoxy-^-carbethoxyvinyl 
phosphate in 2 ml. of acetone was heated at 70° for 1 hour. The reaction 
mixture was cooled, diluted with 2 ml. of benzene, and dropped slowly 
into a solution of 0.82 g. of nn-phenylalanine and 0.2 g. of sodium 
hydroxide in 2 ml. of water containing phenolphthalein. The solution was 
kept basic by the addition of 27V sodium hydroxide as needed. The 
benzene layer was separated, the aqueous layer acidified with concen- 
trated hydrochloric acid, and the precipitated carbobenzyloxy peptide 
recjystallized from water. The yield was 1.05 g. (61 %) of material, m.p. 


a- ACYLAMINOACYL DICHLOROPHOSPHATES 

The reaction of two moles of carbobenzyloxyglycine -with phenyl 
dichlorophosphate in the presence of a tertiary base gave bis-carbobenzyl- 
oxyglycyl phenyl phosphate."® This mixed anhydride reacts with 
Qo^ glycinate to give carbobenzyloxyglycylglycine in the low yield 
ot 30 /o, which was interpreted as an indication of rapid disproportionation. 

ar o enzyloxyglycine, when treated with N-ethylpiperidine and 
phosphorus oxychloride in tetrahydrofuran, failed to react with sodium 
g ycinate. A reinvestigation of the use of phosphorus oxychloride with 
non-aqueous solvents, employing amino acid esters rather than free 
ammo acids, showed that peptide synthesis was possible. Fifteen peptide 
intermediates were prepared in yields of 62% to 95%."®® Of special 
interest is the preparation of carbobenzyloxy-n-hydroxyprolyl-n-trypto- 
phan methyl ester. While this compound was obtained as a glass in 
o /o yie , saponification and hydrogenolysis gave crystalline L-hydroxy- 
pro y L ryptop lan. Apparently sulfhydryl groups are oxidized ivith 
p losp orus oxychloride in the presence of a tertiary amine, thus prevent- 
ing a compound like methyl cysteinate from being satisfactorily aoylated 
by a-ammoacyl dichlorophosphates. 

The reaction of phosphorus oxychloride with a mixture of the a-acyl- 
amino aci an the a-amino acid ester proceeds via the a-acylaminoacyl 
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procedure, and tlie standard procedure.*'* The course of the reactions 
using tetraethyl pjTophosphitc (CXI) is indicated In the accompan 5 dng 
equations Similar reactions occur when halophosphites ere used in 
place of the pyropliosphite «>.»•* 

Anhjfdrvte Proeedure 
R,CON'llCini,CO,II + (C,II,0),P0P(0C,H,),— 

CXI 

R,CONIICIIR,CO,P(OC,II,), + IIOP(OC,Hj), 

|ii^cHB,co,c.nj 

R,CONIICIIBiCONHICIlR,CO,CilIi + IlOPiOOiIIj), 


Amide Proeedure 

ir,Ncun,co,c,H| + cxi-» <c,u,0),PNncHR,co,o,u, + nop(oc,H,), 

|(l,C[>NHCHIl,CO,n 

CXII + HOP(OC,H,>, 

Standard Proeedure 

B.ooNiicim.co.ii + n,NCiiB.co,c,n, + oxi - oxii + hop(00.h,). 

These resetlons indieste th.t di.proportion.tloB of mli.d phosphite 
.Bhydrides, unlike most other ml.rtl .nhpdrrd.., trtH «»» 
lower the Yields of prodoeo. Disproportionation merely produces more 

tetrsalkyl pytophosphlle whleh »» re..t with either the .mm. component 

or the acid Lmponenl to gic. additional actiY. mterm.dmt. 

The amide procedure, although very ««fol, m not w.thm th. scop, of 
dU- V » , Tt, thp standard procedure, the reagent is added to a mix- 
tu« S the amine and acid. Since the addition of phosphorus trichlor^e 
lure 01 ^ reaction, proceeding by way of a 

to an acid aud “ ^ oUcid..- it is believed that 

LTtaSrd procedure also proemvi. primanly vm the phosphite amide 
A the mixed anhydride. Howeyer. in the preparation of inter- 

^ ♦ for the synthesis of oxytocin, the addition of diethyl chloro- 

"h'^nWte to a pyrLie solution of carbobenzyloxy-S-benzyl-L-cysteinyl- 

pnospn IV . ,g„rin,te according to the general procedure 

pcpt.de synthesis- led to a partiaUy racemized 
product tLs could be aveaded by aUowing the chlorophosphite to 
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RiCONIICIIRjCOjU + ClP(OC;Tl5). H- (C.lIjljX — 

R,coxncnR.cOjp(oC:iij), - (0.115)3X1101 
2Ri00XH0IIR,00.11 -J- OI.POO.IIj + 2(0-Il5)3X — ► 

(R,COXHOIIR,00,),POO,Il5 + 2(0,115)3X110! 
RiOOXHOHR.OO.ll + (0,Il50).POP(OG.Il5), — 

R,coxnoiiH.oo.P(Oo.ii5)3 + nop(oo,ii5). 
riiese pliosphite mixed anhydrides react witli amines to form amides. 
Ri00XHCHR.00,P(00.1l5). + II.XCIIRjOO.C.IIs — 

RiCOXIlCIlR.COXIICnRjOO.O.Hs 110P(OO.Il5)! 

The method was developed by Young3»3-«9 and Anderson^- and 
co-workers. 

The structure of the intermediate phosphorus compounds has not been 
rigorously established. None of the mixed a-acylaminoacyl phosphite 
anhydrides has been obtained in cry.stalline form, and attempted distil- 
^tion of even the simpler mi.xed anhydrides leads to decomposition.” 
However similar anhydrides from organic acids such as butyric acid and 
tetraethyl pyrophosphite have been distilled.”!! The m'olecular rcfrac- 
tmty for but^ic acid diethyl phosphite was 49.3 as compared Mith a 
theoretical value of 49.6.«o Although the proposed structures depend 
e mos part on analogies, there is little doubt about their correctness. 


Mechanism 

The phosphite method of peptide synthesis differs from most other 
methods in that the reagent will react with either the carboxylic acid or 
e amine unction to give a useful reactive intermediate. The nature 
^ '^te™>ediate depends upon the order of mixing the reactants, and 
the methods have been referred to as the anhydride procedure, the amide 

Youne U S nat 2 nKO Ti? T” Cynnumid) [O.A., 48, 1438 (1B54)]. 

‘ Young, Ger’pal' 900 223 ’ [CJ-A.. 48, 12794 (1954)]. 

^ Young, Brit, pot 717 427 (to 126, 2302 (1955)]. 

‘ Young and Barbaro,’u.S pal "mGortT"’^ ’ 

(1956)]. ^ A708,667 (to American Cyanamid) [C.A., 60, 5733 

2 Young. Can^pat. 534.789 (to American Cyanamid) (1956). 

Y^rwood^j'^''”' (to American Cyanamid) (1956). 

BrTpar^U ofsTo I ’8. 2126 (1956). 

«• Fr uat i 072 3M ^^'"“"“8) [C.A.. 50. 18B9o (1956)]. 

P®*- 1’“^ 309 (to American Cyanamid) [Chem. Zenlr., 128 14211 (1957)1 
Anderson, U.S. pat. 2.691 Oin 

«'> Anderson, Blodinger. andVelcher “’09f (1955)]. 

Anderson. Widcber, and Young. 

49. 15m (lo:!)]. ■’ OU,k. kL. A^l., 1951, 409CC.A.. 


401 

402 

403 
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Diethyl benzoyl phosphite and ethanol give benzoic acid and triethyl 
phosphite.^* Whether a reaction of this type will interfere with the 
acylation of a serine ester by an acylaminoacyl phosphite is not known. 

The phosphite mixed anhydrides are relatively stable to disproportiona- 
tion. The mixed anhydride formed between o-phenylene chlorophosphite 
and phthaloylglycme deposited only 20% of the ^symmetrical phthaloyl- 
glycine anhydride on standing for 2 days at 30°.** 

No racemization 5vaa observed when carbobenzyloxy- or phthaloyl- 
amino acids were used *** When the acid component was an acy i 
peptide, the extent of racemization depended upon the reaction con ions. 
The anhydride method resulted in more racemization than the amide 
method. Fmal addition of tetraethyl pyrophosphite gave results 
essentially the same as those oblamed by the amide proce 
substantiating the view that both proceed via the ami e. “ 
of ethyl glycmate hydrochlonde and triethylamine or e y 
th. .LVeomponL mc,e.»d „o.n.»Uo» wth ‘‘"‘S 

mMhod,, but the i.tre.t, »«.. pron.uutrf ‘k' 
procedure. The use of hydrocarbon aolvenU such as e triethyl- 

ammonium chloride from solution. In tbw -hoaphite 

''as observed when carbobenzyloxyglycyl-i'-J*“'y • -P . jjjjg was 

» th. 

topled mlh glycme ®*“" „ p,* „f th... faot. It 

•bsence of the anhydride-fomuig re.g.nl- • form.liou of en 
h.. been .ugg.st.d that ntoemialion a do. to tne 
oxazolonium salt.*** 

Experimental Conditions .i, h 

Preparation of the Phosphite. 50% yield from 

frequently employed, is readily pre^ * line in ether.*** o-Phenyl- 
phosphorus trichloride, ethanol, and catechol and phosphorus 

ene chlorophosphite, which con be preparw ^ stability .’**■**“• *“ 

trichloride in 94% yield, offers some a v , .j] sometimes 

It h.. been reported" th.t “I “ 

suddenly decompose on vacnom chlorophosphite has never 


lenly decompose on vacnom chlorophosphite has never 

mable gaseous by-product whereas o-pn y , ^chlorophosphite is 

given any evidence of phosphorus trichloride,*” 

prepared in 40-50% yields from ethanol 






riaisi. 
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react first mtli the isoleucine ester, using the amide procedure, 
These results suggest that the standard procedure proceeds, at least in 
part, via the mixed anhydride and not exclusively via the phosphite amide. 

The reaction of an acid and an amine in the presence of dihalophosphite 
such as ethyl dichlorophosphite proceeds as sho^vn in the accompanying 


2R1CONHCHR2CO2H + 2H2NCHR3COJC2H5 + C2H5OPCI2 

2 R 1 CONHCHR 2 CONHCHE 3 CO 2 C 2 H 5 + 2HC1 + C2H50P(0H)2 
equation.^®^> natme of the intermediate has not been estab- 

lished, but three possibilities have been suggested, namely structures 
, and CXV . It is probable that the order of addition is the 


NHCEtR3C02C2H5 

C 2 H 5 OP 

\ 

NHCHR3CO2C2H5 

CXIII 


C 2 H 50 P 


OCOCHB 2 NHCOR 1 


OCOCHE 2 NHCOB 1 


cxn' 


NHCHB3CO2C2H5 

C 2 H 5 OP 

\ 

OCOCHB2NHCOBJ 

CXV 

principal factor determining the particular intermediate obtained and that 
appreciable amounts of the mixed anhydride CXIV can be obtained only 
if the amine component is added last. 


Scope and Limitations 

Phosphite mixed anhydrides have been used to prepare peptides of 
glycine, DL-alanine, DL-valine, L-leucine, L-phenylalanine, L-tyrosine, and 
L-lysine. The method should be as applicable as the alkyl carbonate 
mixed anhydride procedure. Lower than average yields may be antici- 
^ted ivithL-serine, L-threonine, L-asparagine, andL-glutamine derivatives. 

owever, merely reversing the order of addition of the reactants so that 
t e phosphite^ amide is formed rather than the mixed anhydride should 
obviate this difficulty. L- Asparagine peptides have been prepared by the 
amide procedure.®^ «5, ne T^ig synthesize 

a peptide of L-arginine^a.^oe ^nd key intermediates of oxytocin"^-"® and 
arginine vasopressin.®® 


41 . Ar ' w’ “"‘I Siochem. Biophys., 58, 11 (1955). 

.17 aelsch, Arch. Biochem. Biophys., 35. 176 (1952). 

(1954)'^'" ’ and Katsoyannis, J. Am. Chem. Soc., 76, 3115 

48*79 I^oberts, Katsoyannis, and Gordon, J. Am. Chem. Soc., 75, 
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preparation of the mixed anhydride by the pyrophosphi'te procedure, the 
6c-acylamino acid or acyipcptide is wanned with the tetraethj’l pyro- 
phospbite for 2 minutes, and the amtae to be acylated is then added."*' 
Tetrahydrofuran lias been suggested as a solvent for peptide synthesis 
with tetraethyl pyroplwephite.*** 

Formation of the Amide Bond. The mixed anhydride in solution 
reacts with an a-amino acid ester or peptide ester. The a-amino acid 
ester hydrochloride may be used and a mole of tricthyjamine added to 
liberate the amine, but better results are usually obtained if the base is 
used directly. The solution may be warmed for 15 minutes on the steam 
bath,**.<®* or allowed to stand for 12 hours at room temperature’’* to 
complete the reaction Healing ihe reaction mixture gives better 
yields, but room temperature is preferable if ammonium salts are 
present.”* Reactions carried out in water-immiscible solvents are 
worked up by washing with water, aqueous sodium bicarbonate, and 
again with water. In many cases an acid wash would also be advisable. 
After drying, the solvent is removed to give the «-acylpeptide ester 
Yields generally range from 50% to 92%. With water-miscible solvents 
the product may usually be precipitated by addition of water. The 
addition of 5% aqueous sodium bicarbonate to dissolve unrcacted k- 
acylamino acid frequently causes oily products to crystaUiae.*” The 
crude products are recrystaiiized from aqueous ethanol, ethyl acetate- 
hexane, or other suitable solvents. 

Experimental Procedures 

Ethyl Carbobe/iryloxyglycyl-i-phenylalanylglyclnate (Use of a 
Dialkyl Chlorophosphite).** To a solution of 1.789 g. of carbobenayl- 
oxyglycyl-l-phenylalanine in 50 ml. of bensene containing 0.6 g of 
triethylamine was added 0 88 g. of o-phenylene chlorophosphite. The 
solution was filtered and the filtrate heated to boiling for 16 minutes with 
0.6 g. of distilled ethyl glycinate. Ihe solution was cooled and 25 ml. 
of ethyl acetate added to facilitate separation of two phases. The organic 
layer was washed with water, aqueous sodium bicarbonate, and water. 
Removal of the solvent left an oil which rapidly crystallized upon the 
addition of 10 ml. of anhydrous ethyl ether. The product weighed 2.03 g. 

(92 5%), mp. 115-118^ [«J|? -II 5“ (e = 2%, ethanol) Recrystal- 
lization from 20 ml of ethyl acetate-petroleum ether gave 1.85 g. (89%) 
of product, m.p 218-118°, [a^ — 12.0°. 

Methyl Carbobenzyloxyglycyl-i-lcncyl-L-leuclnate (Use of an 
Alkyl Dichlorophosphite).*®* To a s<^tion of 3.2 g. (0 01 mole) of 
carbobenzyloxyglycyl-L-Ieueine in 30znl. of benzene containing 1.09 

Brenner «nd BufeniKht. CXlSk Acta, S7, 209 (1934) 
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and tctractliyl pyropliospliitc is ])rcpnrcd from dictlij’l phospliitc and 
ethyl chloropliospliite in benzene in the presence of (rictliylnininc.*'®'^"^"**® 
A similar method of synthesis is used for the preparation of diethyl 
ethyloncpyroj)hosphito.'*-' Dicthylcne p3’rophosphitc has been prepared 
from ethj-lcnc chloropliospliite and water in the jircsence of tricthyl- 
aminc.'*-' The refractive index has been used as a criterion of purity of 
tetracthjd jij'rophosphitc.'**'’ Bis-o-phenylcnc pjTophosphito maj' be 
prepared in 87% j'ield from o-phenjdcne chloropliospliite and water.'*^* 
Preparation of the a-Acylamlnoacyl Phosphite, Wlien a dialkjd 
chloropliospliite is cmplo3’cd to prepare the mixed anh3’dridc, it is added 
to the solution of the a-ac3’lamino acid in an inert solvent in the jircsence 
of a base such as triethylamine. The silver salt of cnrbobcnz3’lox3'gl3’cine 
has been used in chloroform to prepare the mixed anhvdridc with dicth3'l 
chloropliospliite, but the over-all 3'icld of carbobcnz3'lox3’gl3’cino anilide 
Mas onl3’ 22% as compared with an 88% 3’icld when the trieth3’lammonium 
salt in benzene was uscd.^““ The mixed nnh3'dridc is formed rapidl3' at 
the usual reaction temperature of 15“ to 25“. Young^'*® reports that 
chlorinated h3’drocarbons, aliphatic ethers, and dioxanc are useful solvents, 
although aromatic h3’drocarbons such ns benzene and toluene are 
preferred/* Aliphatic ketones and esters give less satisfactory results. 
The presence of thiophene in toluene used ns a solvent is claimed to lower 
the yields when the phosphite amide procedure is used/® It is not known 
whether this obsen'ation can be extrapolated to the mixed anhydride 
procedure. In any event, this observation is sufficiently unusual to 
■warrant confirmation. If true, poor results might bo obtained with 
cysteine and methionine peptides. 

The triethylamine hydrochloride, formed in quantitative 3deld, is 
removed by filtration to give a solution of the mixed anhydride which is 
normally used without isolation. 

The use of dihalophosphite, preferably ethyl dichlorophosphite, involves 
no change in experimental procedure except that 1 mole of dichloro- 
phosphite is used for 2 moles of acid and 2 moles of araine.^®®-^'’®-'*®® 

Tetraethyl pyrophosphite may be employed in excess without added 
solvent. Trialkyl phosphites have been recommended as acid acceptors 
with alkyl dichlorophosphites or tetraalkyl pyrophosphites.'*^ In the 

Wclcher, U.S. pat. 2,000,603 (to Araericon Cyanaraid) [C.A., 

4o, izltili (1964)]. 

!« m°T®’ Welcher, Can. pat. 510,171 (to American Cyanaraid). 

®<=l“'’on, Proc. Intern. Wool Textile Conference, Australia, 1955, C, 108; Discussion, 
p. 480 (Pub. 1956). 


Maclaren, Angew. Chem., 68, 218 (1956). 

«8 pat. 2,722,539 (to American Cyanaraid) [C.A., 50, 3498 (1956)]. 

noni U.S. pat. 2,722,526 (to American Cyanaraid) [C.A., 60, 42375 
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given slightly better yields than the anhydride method in the two cases 
where the same compound was prepared by both procedures. 


TABULAR SURVEY 

In the follow ing tables are listed peptide intermediates prepared by the 
use of mixed anhydrides. Each table, which deals with a single mixed 
anhydride, is arranged according to the increasing number of ammo acid 
residues in the product. Peptides with the same number of residues are 
arranged according to increasing number of residues in the acylatmg 
species. Further subdivision depend, upon the particular ^ 

which forms the anhydride. aUphatie. aromatic, acidic, basic, and un. 

'^A^isr^'the'tSroryeW column indicates that the solvent or 

Chemical Abetnele. Ab.tr.cU »»re relied upon , 

h which it impocbl. to eeeare . copy « f 'J”Tb“h 

Tho.e peplid. mt«cmcd..toi J„,„cd ton, lb. t.blc, 

met prob.bly h.vc nepr >>“" .Hmvl.lcd .ccordinj 

The amino acid residues. ^ uhieh the first three 

to the .ylcm developed by E.i.ng«tmdE^^^ 

letters of the name represent *"*1**. lufed below 

famUiar with peptide chemistor. abbremtiona arc luted below. 


Cbio 

4-NO,Ctizo 


«« /*fO<fci»»r Gffvp* 

c.ir.cH.oco— 

4.0,NC.H.CH,0C0— 

^ CO 

a; 

4 CH,C,If.SO,— 

Ai"'"* 

—IINCTKCH.IC^ 
H.SCIKCU.K'O.H 


IhScnlcItlwV 

OCH, 

kJi«p oh 

OH 


H.NCH(CH.CO.CII.)Ct>,ll 


OH 

.,in.oc„. 

“• FrUngwr «ftJ .7 A" 


C»rboben»>loxy or 
bn>i>lox)T>rbon>l 

p.XiInjnrlwbmbiyloxy 


tiilfonjl 

Tnlylorinrhenjlmrlhbl 


/JMfthjlMjxirtAU 
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(0.01 mole) of tricthylamino was added 0.74 g. (O.OOo mole) of eth^d 
dielilorophosphite in 10 ml. of benzene. Tlie amine hj'drochloride was 
removed by filtration, 1.5 g. (0.01 mole) of distilled methyl n-leucinatc 
added to the filtrate, and the .solution held under reflux for 15 minutes. 
The cooled reaction mixture was washed vitli 10 ml. of water and 15 ml. 
of saturated aqueous sodium bicarbonate. The benzene solution Avas 
dried and concentrated under reduced pressure and the residue recrystal- 
hzed from ethyl acetate-petroleum ether to give a 00% Aueld of product, 
m.p. 133-134'>; [a]?? -47.4“ (c = 2%. methLol). 


a-AGYLAMINOAC^'L ARSENITES 

The properties of diethyl cliloroarsenite are very similar to those of 
^ orophosphite. The reagent is readily prepared from arsenic 

richlonde and ethanol«» and is relatively stable. The arsenite mixed 
anhj'dnde is prepared from the a-acylamino acid and diethyl chloro- 
rsem ® ^ soh'ent such as toluene in the presence of triethjd- 

amme. • ^ The tnethylamine hydrochloride is removed by filtration, 
n ^ e mixe an ydride in solution is used directly for reaction Avith an 
ammo aci ester. Heating under reflux for 1 hour completes the reaction. 

CjHsCHjOCONHCHjCOjH -f ClAsCOCjHj)! -f (CjHsijN — 

CjHjCHjOCONHCHjCOOAsiOC.Hs). -f (C^HsijNHCl 
cxvi 

CXVI -i- H,NCHCO.CjHt — 

CHjC.Hs 

C^HsCH^OCONHCHjCONHCHCOjC^Hs -f HOAsiOC.Hsb 

CHjCeHs 

TIT li been used to prepare ethyl carbobenzyloxyglycyl- 

carbobenzyloxy-nn-alanyL^henyl- 
174 . 0 / \ 1 ®arbobenzy]oxy-L-leucyl-DL-phenylalaninate 

‘'^'■^°''®."^y^°^yg^yay^g^ycyl-Di.-phenylalaninate (30%). 
e y c oroarsenite may also be initially added to the amino acid 
or peptide ester to form the arsenite amide.«3 The amide is then 
OAved to react Avith an a-acylamino acid.«^.«= This procedure has 

2 McKenzie and AVood. Chem. Soc., 117. 406 (1920). 

SS VS "4 

«; A^aughan%;.4rCAe’rk'c.'73? mo 

Aanghan, U.S. pat. 2,617,795 (to American Cj-anamid) [(7.A., 48, 1438i (1954)]. 
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Amtno Aadt—Conlinunl 

H.Tyr OH p-HOC,H,CH,ClI(SII,)CO,H Tyrroine 

H.Val.OH (CH,),CHCn<XH,)CO,H Va1,ne 

OptKOl ConfiguraMn 

H.L.Ala OH i.-H,NCH(ClIJCO,H L-AJanine 

HDPho.OH n-H,NCIt(CH,C,H,)CO,H o-PhenjIalanina 

H.Leu OH (CH,),CHCH,Cll(NHJCO,H Configuration not itatad 

>n htarature 
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TABLE II — Cordinucd 

Anhydride FoiistATioN with Ethyl Chloroformatb 
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TjVBLE II — Conlmtted 

Anhydride Formation with Ethyl Chloroformate 
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§ This is the yield after bydrogenolysis. 
II Other optical isomers were prepared. 
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THP is tetrahydt 



TABLE in — Conlinued 
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TiVBLE IV — Continued 
Formation with Isobutyl CHr.oROFOBStiVTE 
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Anhydride FoRiiATiON with Isobutyl Chloroformate 
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Vole. References 137 to 538 &re on pp. 35S-335. 

{ Thia is the yield of product sflcr saponiftcetior 
i All the optical Uomera were prepared. 

*• Only the y-carboiyl group react*. 



TABLE IX — Continued 


324 


ORGANIC REACTIONS 







CO 

(M 

Cl 

00 


o 

o 


CO 

CO 

t^ 


W5 

W3 

CO 

10 

0 


cq 

cq 

CO 


cq 

a 

cq 

iO 

Cl 

Cl 



cq 



o 


CO O l> 
O wo i> 


tH I O O 

00 1 O CO 


'A 

a 


3 


M 

0 fl 

g g 

a 

a 

^ a a ^ 




a 

. 2 SS^ 


S «! 

a 


0 a 0 s 



.3 

a 


a 

«e 

o 

e« 

K 

o 

q 

o 

° 

n o- 


H 

o 

q 

CO 

>» 


O j 

w" a” K ;3 
o o o t> 
q o o 4 

3 3 a. s 
3 o m o 
iJ 4) iJ 

4 4 4 

aaaa 


o 

B- 


a 

o 

o 

q 

-H? 

4 

d 

iS 

4 

a 


a 

„ o 

a °< 

y to 

a— <! 


a 3 
a— o 

>4 


H o- 


^4 

3 


{I4 

. 6 


£-f 


a 

q 

C 4 

o 

GQ 

6 

,2 

o 


a 

q 

CQ 

{>» 

o 

h4 

ci 

« 

QQ 

6 

s 

JH 

O 


a 


a 

q 

-C3 

a 

d 

o 

o 

a” 

o 

a^ 

s 

a 


a 

o 

9 .. 

o a 

^ s 

u O 
=1 s' 

^3 

g 

a a 


o 

o 

n 

a 

o 


Xi 

O 




'CONHCHjCHaCONH. 



Ethyl acetate* 


SYNTHESIS OF PEPTIDES tVlTH MIXED ANHYDRIDES 325 



■S 


a j 


^ o , 

^ M 
? sh 

J 4 0 4 

si asas 


I i 


5 fS 
is -5 


a ^ 


2;— < 

a & 

65—3 


•25 
^ s* J 


I I / 
S i" I 

5 1 -a 


»bly d\ie to dehydration of the 



TABLE IX — Continued 


326 


ORGANIC REACTIONS 



13 

o 



C 5 CO cq 

00 

o 


cq 

cq 

cq 

O 

00 Tt< 

o 

cq 


cq 


»3 

cq 

iH cq 

cq 

iO 


•M- 

•M- 

CO 

cq 


1 cq 

CO 

lO 

t- 

lO 


00 

i> 


1 t> 

CO 




CO 




0) 


w 


a> 

o 

0^ 


b* ^ 

d) o 

g 'o 

g fl 

Ej^I 

Sss 


P 




s 

q 

4> 

s 

h3 

d 

id 

.a 

i4 

g 

i4 

w 


w 

'^■ 


s 

O 

3 

d 

0) 

P 

d 

CU 

i4 


w 

ei 

o 

q 

d 

J3 


>> 

Q 

hi 


n 

cd O 

M W 


W 

o 

q 

4 
d 

5 

hj 

b!i 

hi 

bJ> 

>4 

H 


W 

o 


4 


o 


W 

o 




PP 

aj 

d 

N 

XI 

a 


H ” 
N W 


o 

o- 


W 

o 

>. 

3 

td 4 

^ s. 

d ^ 
Q O 


w 

o 

3 

3 

o 

P 

3 

q 

3 

a> 

3 

m 


w 

o 

i 


hi 

3 


g. 

Cl 

W 

^2;- 


Obzo.L.Asp.L.Arg.OH H.l,.Val.l,.Tyr.L.Val.L.His.I,.Pro.T..Phe.OCH. 



(T>-i)i.L.HU.i..Plie.L Arg.l.Try.OU 


SYNTHESIS OF PEPTIDES WITH illXED ANHYDRIDES 


327 



lurt U the cycloheiapeptide. 



328 


ORGANIC REACTIONS 



4^ 


o 

a 

o 

> 

W ^ 
o 5 



O o 

o 

OQ 


R 

M 


3 



n 



b3 

Xi 

CO 


W 


h4 

O 

— 45 


o 

o 

g 


6 

fS 

§ 

Q 

4 

CO 


i:i4 




4 


>4 






.4 


i4 


3 


(In 






fi 




> 


S 

o 

4 


4 


>3 


CO 

p>^ 


6 

u 



Q 

— J 


PU 

in 

o 


o 

4 

0 

4 


— j 

s 

J3 

CO 

>» 

s 

CO 


►4 

o 

—4; 

0 

— 45 




4 


4 


t2 






4 


3 


3 


M 




M 


w g 

o 


4 


M 



<6 


q 

4 

"o 

d 



tb 

fn 

4 

d 

0 


4 


0 

02 

45 


p 

4 

4 

4 

CO 

•45 

0 

N 

f£ 

4 

CO 

0 

xi 

Oh 

4 

4 

>> 

4 

4 

0 

— 45 

.23 


'3 


4 


0 

02 

> 



4 

4 

4 


3 


6 

’S 

B 


*3 

CH 

& 

0 


Note: References 437 to 638 are on pp. 353-366. 



. I^ycU^*^-3-{2-dUlh}ilatntnoMyl)carbodu 

U.Gly.OC,!!, 


SYNTHESIS OF PEPTIDES WITH MIXED 


ANHYDRIDES 329 



O 

a 



I i i 8 f 1 1 

4 Q Q S Q Q Q 

4 


5 §■§■§?§ i 

« 5 5 J J .4 o 

1 aiaaaBW 


Ch b Ph 
iJ .i >4 rJ •- 


§ 

I 

•s 

i. 


. pp. 353-355. 



TABLE X — Continued 

Anhydbide Formation with Misceulaneous Cabbod: 


330 


ORGANIC REACTIONS 


O CO O O CD 

CO CO CO CO (N 

CN CQ Cl C<J UO 


t> i-H VO o CO 
CO CD VO »o 


H 9 fl ^ 

41 O a M ^ 

o .a O W g 

<! O Eh O 


K W 

o o 

Wm’-S W”| 
o w, W o Pi 
o O ►4 O >j 
w O '“3 OT o 

S i? t> w £ 

>j O >4 >4 ij 

M W W W W 


.3 

w w 

9 A 

M ^ ^ 

O 4 >4 

Eh Eh Eh 

4 4 4 

[ t> ^ 

14 4 4 

I 6 d 6 

N N N 

I -o ja ja 
I O O O 


O S 
15 — 



IhpkavlMme-p-MyUmi 


SYNTHESIS OF PEPTIDES WITH MIXED ANHYDRIDES 


331 



i THF U tfltrahydrofupan. 



332 


ORGANIC REACTIONS 


c; 


CO o 
CO CO 
(M xo 

lO CO 
CD o 
01 05 

uo la 
lO CO 
05 05 


o 

CO 

O O uo o 

CO CO ^ CO 

UO io o ^ 

• CO ^ 
CO CO 05 CO 
CO CO « CO 
05 05 lO 05 

UO O C5 lo 
— o - CO 
05 05 5g 05 
05 


o 

CO 

o 

CO 

o 

05 


o 

05 


lO o 
CO 

o ^ 

CO ^ 

O CO OC 00 05 
« CO VO »a 
CO 05 05 05 C5 
C3 ^ 

05 la 
• CO 
O C5 

05 


2 


S 2 2 


o 

t' 


o 


o o o 

X CC 05 


X 


c 

o 

> 

3 

CQ 


:zs 

o 

s 


a 

Q 


3| : 

1 i I 

Js j S ^ c 

3 S « o _ 

12; » ^ s 


o 


s 


s^3 


ad a? 


a 


o 

a *« t— 4 M 

•— I O O 

^ r-N O r:' a H 

” S o ^ '-i 

o q ._; o o o 

q 2 a ? o o 

5 a p >4 5 o 


O 

c 

o 


3 s 
o S 
2 ^o 


3 o 5 

S s ^ 3 2 3 

.s o 3 2 o ® 

^2; K 3 iz; S 


as 

a 


O 

o 

5 

x 

5»^ 

o 


23 

02 




jf o 4*^ jf 

»-• O 

O xO o o 
0^000 

^ 

5 Q o 3 5 


o 

>» 

X 

o 


o 

c 

*3 

>* 


O 

3 

s 


VO 

o 


0 

'r 


'S 

CO 

o 


3 






p. s 

a. 


2 

C4 


0 ^ 

c 

0 


-3 ^ 

s 

p 

3 

^ 0 

X 

3 

C 3 ^ 

X 

VO 

3 

2 0 
0 

0 

•*d 

I 

s >* 
0 ^ 

t> 

X 

a 



2 

*3 


o 

3 

6 

a 

JH 

O 


q 

jA t-H 

3 q 3 

i 

R < ►J 
6 


q 

J o — 


a 

-- 33 

-O o 

1 O tH 


o 

q 

3 

a 

6 

o 


SI 

3l 


3 ^ ^ 

a 9 a 

9 p4 o 

"as 


o 
.4 

55 ^ 

25 

X a 


sc 


:? >■ as ^ -a ^ 
2^ O 2^ O S 


.5 « 


ij p 

I . 


;>> p. 

O O 


ICllLOROETim. ETUEB 


SYNTHESIS OF PEPTIDES WITH MIXED ANHYDK1DE3 3J3 




334 


OKGANIC REACTIONS 


00 CX) X C5 CO o o 

CO CO CO O X o o 

cq cq (N c<j 


CO o o 

X CO CO 

cq cq cq 


a 

cq 


o 

X 

cq 


2 

% 




o cq cq o X i-H 

C5 O X l> O ^ 


O lO 
CO o o 


t- 

X 


CO 


o 

55 




5>» 

a 

o 

ft 

p 


S, -a 

g 
s 


o 

5 

s 

o 

ft 

a 


o 


Z 

0 

1 

o 


S ^ 

P3 m 

e 1 


^ . 

c3 

0 

1 
'•< 
o 


^ . S 5 

C£? H fi P H 


p a 


.3 


o oK W 

M a a 
H 0*9 a cjO o 
o o « o o d ^ 

>• >>p i? >>< H 
O O >4 O O 4 

a a a M a a a 


a 


o 

e3 

o 

o 

d 

a 9 

a 3 

sH a 


o 

o 

>» 

EH 


a 

o 

a. 


O 


a — <j 
4 

a 


o 
o 

^ p 

9 

4 O 

a a 


a 

o 

q 

W DO 

o >* 

EH — P 
4 

a 


a 

a 


a 

o 

o 

g 

-o 

4 



W 

a 

t-H 

q 


o 

o 





cd 

> 


3 

3 

>4 

2 

6 

4 

6 

‘3 

Xi 


tQ 

iJO 

<1 

o 

S 

O 


Cbzo.l.Leu.OH H.D.Pho.OCjHj THF 00 280 

Phth.D.Leu.OH H.Gly.NHj DMF 03 283 


Cbzo.S-Bz.L.Cys.OU 


SYNTHESIS OF PEPTIDES WITH 


MIXED ANHYDRIDES 




a 

u 

q 


q 



6 


j THF IS tetrahydrofvirat 



ANHYDIIID13 FoimATION WITH MlSCELIANEOUS PnENOLS 
(All j-ields are based wpou the pheuyl ester.) 

Ainuio Solvent Yield, % Kefereuco 


336 


ORGANIC REACTIONS 


CIO O O O O C3 O 

CD O CO O 

C^l <71 M Cl I-H i-< ^ 


CO CO O T ^ w 

rf\ ^ J /M w 


.a ^ 

‘S *S 'u 

C 3 O O 

0 0 o o< 

O a ♦ a r* r* r* 

g g a .2 s a g 

a a B fi « a a 


lo lo a lo 

a a o' a 
ooo c 5 ‘ 
q q q 
i? i? 
0 0 4 0 

a a a a 


•M-++ H 

a a o 
a o o j. 

O ^^2 

^ 3 B S 
aa^a 2 g g 

4? g o o 

^OcqO 

3 3 ° ^ ^ £ 

a s o a a a a 


i? C 5 

2 i S 

'O 3 ^ 

; ^ 2 ^ 

' T 2 

' 3 S3 ^ 

: 3 S o 

> 'a 3 o 

■"o 3 -3 
i •?. 2 ^ 
O .3 2 

j W p 

, ^ p< 

! .2 a o 

3 J 3 g -O 
< ft tH 


SYNTHESIS OF PEYTWES fVITir MfXEV ANHYDRIDES 


337 



•§ fJ 

OOOOOOCQ 



338 


ORGANIC REACTIONS 



Ethyl acetate 


SYNTHESIS OF PEPTIDES IVITH MIXED ANHYDRIDES 



S 5 .5 

5 i ^ I 

S I li I 


H H M 4 -3 S 





• DMF la ilunetliylfocmi 
t THF is Utfahydrofura 
{ The product U a cyclo 



TABLE xrar 


OUOANIO UKACl’ION8 


<0 (M CD O O 

rH C'l r-» rH Cl 

CO CO CO CO CO 


^ O CD JO 
VQ CD 


nq rS -2 ^ 

H H 4 ) <U d; 

4-1 -iJ u cj CJ 

'a ‘a "> « « 

g S 2 V.V.V. 

X <a <u ^ ^ j 3 

Q U U ^ ^ ^ 

oi <1 ^ w w w 


2 

O t) 


9 W o W* w" 

X' o ^ o o 
O o W o o 

>•>.0 U. i-'. 

O o d 0 3 
W W tci W W 


il> * 

I 3^ 

ww 


M W o ^ w 

°c ^^3 2 - 

3 d d 3 ^ 

W (j o 9 o 

|w>:iB 

O O O Ph 


O III Ki 
o o W 
^ #1 o 
W W o 

« w 3 


O r/) 

W »i CO 

is 'S 

o 

li ^ 

1 i” s 

a* ^ 3 I 

o ^’S « 

II? i; 


Cbzo.Oly.OII ll.L.Le\i OO^IJ 


SYNTHESIS OF PFJTIDES WITH MIXED ANHYDRIDES 


341 




Anhydiude FoRjr.vrioN with Tiuophenyl Esteius 


342 


OKGAXIC REACTION'S 


cs 

CQ 


CO » 

r: t: 


I »*: 


>0 2 o 
t'* u cc 


IC5 O 
t-- 


-J t^x-too 
cc y t'» Cl ^ 


cc o 
Q C5 


O O 


<y 


o 

cc 


*5 

%» 

§• 


^3ggr!?3sE3a 


-- ^ •n 

0 *-H »-H ^ 

_ o o S 

2 3 =i O 

S 9 :? :3 o 


o 

' » B 


! o 


j d O 


U 


“5? 

SrS'Ssss'Sg^ 

'«nr-i£Hric-i=-ic-'Q 


00 


a c a 


B O ^ 

. =i.B>0 
O :; C5 c 


O O 


a 

a a 


q 

o ::3 4 


^^^-rbbbbb 


aw ats^qwccio awcoo ac 


a a 
goo 

^ PP 

a 


— M 

0 p O 

1 q g 

^ J S 

=. q J 

. iJ p 

25 ^ a 


q 

Q 


iJ 

2 


O >• 

d o 

o o 

-« 43 
2=< O 


I ^ 

- li 


6 6 
^a N 

O O 


J H O 




a 

4 B « i? 
a -j ® CD 
3 d d 

5J 01 N S 


Q 


_o ^ 
O 


0 ® ^ ^ 

4 P O B a 

o J B ? 5 

4 B 4 
jg a a O r' 

P iji-i? ri 

w q q q ^ 

J I ° S 3 

o o 6 6 b’ 


o 

3 

o 

53 

o 


H.GIy.On 

H.GIf.OC,lf 


SYNTHESIS OF PEITIDES WTTH MIXED ANHYDRIDES 


343 



g 



TABLE XXIII 

Anhydhide Formation with Miscellaneous Thiol Compounds 


314 


ORGANIC REACTIONS 


o 

OCJOCQ-i^iCOCOCOCOoaoiCOCOca 
tJHCO^ „•»»» 

COCOCOl>COi-ii-if-H»-«COCi?»-H»-HT-< 
'tH 

co*^c<i(Nc<i<N c<jcqc<j 

t- 

<N 


o 


o 

C <1 


oooococoocioea 

•^t-Ot-C-'-^O'^COXO 


c 

o 

> 

*0 

02 


4^ 

O 

•V 

rs 

‘S 


o 

o 


'TS 

[o 



'3 

o 

o 

c 

c 

45 

o 




9^ A 


I I I I I 




o 

2 

-S 

ci< Q 


o 

ti 


s 

<! 


9 9 3 O ^ 

o K O O 9 o 

K 

o 


K K i* 

:3oOffoo»2o5 

9 9 9 


W ^ ^ 

pOOQOOqOo 

3 3 3 

hHJ-HMMMMMMlrH 

K K K 


K a 9 9 k 

°K Ik^KKKKSSK^K 
30 - 3939999 ^° 9 s 9 

89 'f 989939^^989 

"jS no^OOOOS^SO^O 
M-iJGNmNHNNOONtd^a 
O XI «I3 J3 J3 ^ ^ J 

oCLjpqQoooooKWooo 



K 

91 

o 

o 

o 

o 

n ot 

K 

>T* M 
rM ft 

o 

o o 

QQ 

CQ CQ 

a 

ft ft 
ft ft 

o 


O 


P 4 ^ 

ft 

§ i 

2 . 3 

“ 

00 2 2 
CO g o 

w ^ 

° § -S 

m ^ 
>.2 


c — , 
.a d 

^ 'a 

.2 S 

Is 


t Tile product was a cyclo-tetrapeptide. 



CjHjCO.Gly.OH 



£ faEb&:.EbEbb-[><bb>b. 

3 4 s s s z ss I ^ ^ s s & ^ s s s ^ 

2 ^ Q Q o a Q Q a o o o ' Q ao oa o a Q Q Q Q Q o 


QQ 



DilP is dimethylfori 



346 


ORGANIC REACTIONS 


U5 

lo 



l> 






C.) 

l> 

CO 


CO 



W5 



o 

a 

d) 

CO 

1 

o 

1 






o 

<N 


cq 

o 

o 

CO 

W3 


o c- 

t> 

CO 

i> 

c- 

r- 


ir- 

CO 


i> CO 

CO 


CO 

CO 

CO 

o 

CO 

CO 

tM 

O 

pH 

CO 


la 




l> 




CO 


CO 



CO 



iO 

CO 


CO 







(U CO CO CO CO 00 

^ t> r* t* 

CO CO CO CQ CO 


fiioco xacoc-coo^ 






2 

S 

o 

ij 


p 

^ ^ 

p 1 

s 

o 


s 




p p 

p 

p p p p 

p 

M 

55 

O 


frt O CD 00 O UO 
^ 00 VD C5 Ci 

o 


Qt O O O O 

.B .B S .S .3 

O 

> *3 ’3 *3 *S *3 

o ^ ^ J>» ^ 

CO pLt pL| Ph 


w 

o 

>. 

3 

=; W w 

s ^ 

a q "q 

<! W W K 


w 

« up 

w w >» 
W o' 0*3 
o o o « 

^ p [ 

3 3 3 ►j 

w w w w 


B W 
B q 

i? — 
3 o 

3 a 


w 

n O n n et 

tn q w w w 

O o O O O 

q g q o_ q 

^ ^ ^ ^ 
l2 

O p C5 O O 

a tiJ w M w 


kr< 2 >J 

qS^ 

a H 

o - PP 

§S^- 

B Ph O 



•Gly.OII H.Qly.OCH, 

H.Oly.OCjU 


SYNTHESIS OF PEPTIDES WITH MIXED ANHYDKIDES 


347 





Ueferences 437 to 531 
* Tlip ia totifthydrofuran. 



TABLE XXVI — Conlmucd 

Anhydride Forjiation with Phosphorus Oxychdokide 

Solvent Yield, Kcference 


3i8 


OHGAN’IC KKACTIOKS 


'T* t>- I'- I** O 

o r; n « w 


rfi 

trs o m o o 

IS l-*- I »'5 O 


M ^ 

Hi N-1 

^ pH j-t 


E-t ^ ' 


1^ « »f» o 

M O O D O 

X d q q q 

3 ^ -3 3 ;3 
cj >4 < 

5 o iJ iJ o 

3 3 3 3 3 
K w a a a 


a a’a’.A' 

lO 

o 

’r 


,J?C?C?0 O 

o 


a m w CO o 

cc 


O a 3 ? " 



M T =« ii ,? 

.• <i i-J —I r* 

£ 

2 

d 

^ A j 4 j 

c 

cu 

O q Q p p 

o 

o 

t4 

a w a a a 

o 

u 

ci 

P< 

o 


. s ^ 

i?W £ 

c5 c/5 »J 
odd 

s s ^a 
^ ^ X5 

o o o 





350 


ORGANIC REACTIO^'S 




Phosphite 

Dietijrl ciJowphospliite 


SYNTHESIS OK PEPTIDES tt’ITH MIXED ANHYDRIDES 


351 



ccSsccSapSaeac 


II |Sj ’^iicisiisIL 

^^£i 5 q oaaiSinta^c^cSaa^na 



OOOQ^J^jJoOOOQ 

'SSSSSSSS^Sg 
CSfi666S866666 



TABIjK XXIX— Coii/ih tied 



Note; lU'foivucot) 'I!!? to SliS mu ou jii). iiO.'i-IiOG. 



SYNTHESIS OF PBPTZDES WITH MIXED AIVHYDRIDES 


353 


REFERENCES TO TABLES I-XXX 

Jatskewit*. Z phytxi. Chtn . HopI»Styta'», 3X7. I4» (1854) 

“• Hofraann, Peckham, and Rheiner, J’ Am Chm Sot , 78, 23S (1856). 

P«ckham. Dyesertalvm AhHr . 15, 171J (IBSS). 

**' Cohen and Fry. J. Am. Ckem Soe . 78, 6M3 (1866). 

**' Zetvaa and Kataoyannia, J Am CSem Soe . 77, 6J51 (1856). 

“• Zahn and Kessler, .Uolfomol Ckem . *7, S18 (1888) 

“• Kollomtach. Giber, and Hajia. Nature. 177, 841 (1956) 

Kollomtach. Giber, and Rajis. Cheat Btr , 88, 2293 (1956) 

King, Clark Letris, and Smnh. J Ciem See.. 1854, 1046. 

Vellui, Anatol. and Amiard, BkO aoe. cJem Fraaee, 1BS4, 1448. 

Velluz, Anatol, and Anuaid. Fr pat 1,109,611 [CAen Zen/r.. 129, 5513 (1858)]. 

“• Aioiard and Hejmes, Fr pat. 1,112.766 [CAem Zentr, 129. 9246 (1858)] 

«• Bot pat 7et,3le (to UCLAFKC A ,S2, m7a (I3SS/I 
Theodoropoulos, J Org. CAca . 21, 1550 (1956). 

Fieser, Fieier, Toromanoff, Hirala, HeymaiUk, Tafft. and Bhattacliarya, Am, CAem. 
Sar. 78. 3825 (1856) 

“• HolUnd and Coheit, J. Am Chm. Soe . 88, 1765 (1958). 

“* Birkofer and Hartwig, CAem Ber . *9. >608 (1956). 

*“ Mselaren, Saviga. and Swan. Auatnalian J CAem . 11, 846 (1958) 

Maclaran. Saviga, and Swan. Angew. CAem . 68, 217 (1996). 

Maolarsn, Savige, and Swan. Free. Intern. IPeel Tattle Cen/irenu, Australia, 1955, C. 
164-7. Ditcuaaion, p 479 (Pub. 1956). 

Wialand. Cords, and Keek. CAem Ber. 87. 1312 (1954) 

Wiggans, Wmits, and Fnilon. YaUJ Btol and Med. 27. II (1954). 

*** Sohlogl. Wessely, and Wmdicb. .VenaleA , 87. 425 (1856). 

Schwart, Biunpus, and Page. J. Am CAem Set.. T9. 5697 (1857) 

RitMl, laetin, Kappeler. Ruulcer. and Scbwyter. Nele Ckxm. Atta, 40, 614 (1967) 
Sohlogl and FatsMcboaits. MenaleA 84. *37 (1853) 

*** Boiitonnas, GutCmann, laquanoud. and U'aUer. V 8. pat. 8, $54,448 (to Saul and Co.) 
[CA„ S3, 7042a (1868)]. 

«• MarrifleldandWoollei,./- Am CAem. See. 78. 4646 (1856). 

MarriSeld and Woolley, J. Am CAem. See . 80. 6635 (1958) 

Bachslard and Teikojus, J. CAem Soe . 1858, 4541 
Dieodoropoulos and Craig. J Otg CAem , 21, 1370 (1856). 

“■ Serse, Boucher, and Picha. J Org CAem . 22. 605 (1857). 

••• Hofmann, Joh). Furlenmeier. and Kappeloe. I. A m CAem. Soe, 78. 1656(1837). 

Hofmann and Johl, J Am CAem. Soe . 77. 2914 (1955). 

•’> Guttmann and Boiswnnas. Helv. Clum Aeta. 41. I8S3 (1956). 

Lautech and Schroder, .IfenatrA., 08, 454 (1857J. 

*” Hofmann, lied Chem Sytspoanim (Am. Cham Soc ). Syraouas, June 17-19, 1954, 
p. 105. 

BatCershy and Bohizzron, CAem. ^ Jnd (London). 1854, 45. 

Swallow. Lockhart, and Abraham. BiecAem J , 7(h 5S» (1956). 

Kaneko.Shiba, Wa(ar8i.Imai.Shiniada.anili;eno.CAcm i8Ind (London), 1957, 966. 

>’■ Shiba. Imai, and Kaneko, Bull CAem Soe. Japan. 31. 244 (1958) [Ca4 , 52, 16437d 
il958)| 

Zervas. Otani. Winitz, and Greenatwi, AreA BwcAem. BiepAye , 7$, 280 (1668) 

•" W aloy. BiocAem J 68, 18* (1858). 

Noguchi. Hayakana. and Niabimara. A»»«m AagiAu Zeeeih 77, 4«3 (1956) (C A . 32 
SueOh (1638)1- 

SchlogI and FabitscbowiU. .UenoteA . 86. 233 (1853) 

•“ Bowinndo and Young. BiorAem. J, f«. 616 (1857). 

•11 Horosova and Zhenodarovs. ZAur. (TieAcAeC KAim, 28, 165$ (1858) [C.A .53, 1316a 
(1939)] 



OBGANIC REACTIONS 


364 

HoUoy and Holley, J. Am. Chem. Soc., 74. 3069 (1962). 

“3 Wioland and Ohly, Ann., 605. 179 (1957). 

Hormann, Graasraann, WOnsch, and Preller, Chem. Ber., 89, 933 (1956). 

Hofmann, Kappeler, FurJenmeier, Woolnor. Schwartz, and Thompson, J. Am. Chem. 
Soc., 79 , 1641 (1967). 

Zahn and Kundo, Angew. Chem., 70, 189 (1958). 

Lautsch and Schulz, l^aturwisa., 45, 58 (1958). 

Narita, Biochim, et Biophya. Acta, 31, 372 (1959). 

Poduaka, Rudinger, and Sorm, Collection Gzechoslov. Ghetn. Gommuna,, 20 . 1174 (1955). 
Publishcd in Czech, in Chem. Liaty. 49. 737 (1955) {C.A., 50 , 4016a (1956)]. 

Herrick and Todd, U.S. pat. 2,723.972 (to du Pont) [C.A., 50, 4214g (1956)]. 

Rudinger and Pravda, Collection Czechoslov. Chem. Comtnuna., 23, 1947 (1958). Pub- 
lished in Czech, in Chem. Liaty, 57, 120 (1968) [C.A., 52, 10233h (1958)]. 

Van Orden and Smith, J. Biol. Chem., 208, 751 (1954). 

Dunn, J. Biol. Chem., 227, 575 (1957). 

Roeako, Stewart, Stcdmaii, and du Vigneaud, J. Am. Chem. Soc., 78, 5883 (1956), 
Davia and Adams, Arch. Bwchem. Biophija., 57, 301 (1966). 

“• Erlangcr, Curran, and Kokowsky, J. Am. Chem. Soc.. 80, 1128 (1958). 

King, Clark-Lowis. and Wade, J. Chem. Soc., 1957, 886. 

Davis, ./. Biol. Chem., 223, 935 (1966). 

Lutz, Resslcr, Nettleton, and du Vigneaud. J. Am. Chem. Soc., 81, 107 (1959). 

Ressler and du Vigneaud, J. Am. Chem. Soc., 79, 4511 (1957). 

Van Orden and Smith, Federation Froc., 13, 313 (1954). 

Herrick and Todd. U.S. pat. 2,723,973 (to du Pont) [C.A., 50, 4215d (1956)]. 

Uchio and Izumiya, Mem. Fac.Sci., Kyushu Univ., Ser. 0, 3, No. 1, 5 (1958) [C.A„ 62, 
14630b (1068)]. 

Bodanszky and du Vigneaud, J. Am. Chem. Soc., 81, 1258 (1059). 

805 Bartlett, Johl, Roesko. Steelman, Stowart, Ward, and du Vigneaud, J. Am, Chem. Soc., 
78, 2906 (1956). 

80 * KogI, Casz. chim. ital., 84, 1223 (1054). 

607 1,034,023 (to Bochringer Sohn) [Chem. Zentr,, 120, 6195 (1055)]. 

Wioland and Sohring, Swiss pat. 315,314 (to Bochringer Sohn) [Chem, Zentr., 128, 6833 
(1957)]. 

Schramm and Lcubo, Makromol. Chem., 13, 117 (1954). 

Vaughan, Can. put. 634,792 (to American Cyanamvd) (1950). 

Kitaoka, Sakakibara, and Taai, Bull. Chem. Soc. Japan, 31, 802 (1958). 

Fr. pat. 1,034,024 (to Bochringer Sohn) [CAem. Zentr., 120, 11737 (1955)]. 

Okawa, Bull. CAem. ^S’oe. Japan, 30, 976 (1957). 

Ram, Ingle, and Damoduvian, J. Set. Ind. Research [India). 17C, 21 (1958) [C.A., 52, 
19971a (1958)]. 

Zuhn and Diehl, Angew. Chetn., 69, 135 (1057). 

**• Narita, Biochim. et Biophys. Acta, 30, 352 (1958). 

Merrificld, ./. Biol. Chem., 232, 13 (1958). 

Kalsoyannis and du Vigneaud. .-i/cA. RiocAtm. Biophys., 78, 656 (1958). 

Amiurd, Heymis, and Vclluz, Bull, soc. cAim. France, 1950, 698. 

Mtchame and Levy, *7. Am CAem. Roc., 81, 1889 (1950). 

*** Waisvisz. van dcr Iloovcn, and i« Nijenhuis, J, Am. Chem. Soc., 79, 4524 (1967). 

*** Golubeva, Kirdwhuvu, uiui Knuyants, Doklad^ Akad. Nauk S.S.S.R., 119, 83 (1958) 
52, U537f (1958)1. 

Knuyauts, Kil’dishovu. and Golubera, Izvest. Akad. Kauk SB.S.R., Otdcl. Khtm. Sauk, 
1956, 1418 (C.A.. 51. 806ikl <1957)). 

Shubarovii, Sokolova and Prokof’ev. i^Aur. ObaJ^chel A'Airn., 29, 539 (1959). 

*** Kat.-ioyannU and du Vigneaud. J. Biol. CA«m.. 233, 1352 (1958). 

Schwyzcr, Iscltn. Kappeler, Riniker, Rittcl, and Zuber. Helt. Chim. AcUi, 41, 1287 
U958). 

»>» Reader. Froc .•>oc. Exytl. Biot Med . 02, 72o (1956) 



SYNTHESIS OF PEPTIDES WITH MIXED ANHYDRIDES 365 

Hofmann, Woolnar, Yakima, Sptahler, TbompaoD. and Schwartz, Am, Chtm.Soe , SO, 
6458 (1953) 

Schwyzer and Sieber, lUla C&taa Atta, 41. 1582 (1958). 

Fr pat. 1,166,823, S«i39 pat 341.168 (19SS) to Organon. 

**' Gar pat appl 1,013.658 (to Organon), Derwent, Oar Pat Report, 49, Group 5, p. 3, 
.4ug 15, 1957 

Bodanazk) , Sielke, TomorWny, and Weiaz, it Congr inferrt 6toc6i'n , Bruxellea, Aug. 
1-8. 1955, K6aum4a dea eommunicatioiis, p 10 

Schallenberg and Calvin. J. Am. Clem 8oe , 77, 2776 (1955) 

Loase and Sebmidt. CHem Btr , 91, lt88 (1958) 

Andereon, Voung, and Barbaro. Gar pat 945.240 (to American Cyanamid) [C.A., 52. 
11901a (1958)] 

•" Vaughan. U S pal 2.617,798 (to Amencan Cyanannd) (<7i4 . 48, l<J9a (1954)1 
Vaughan, Canadian pat 534.790 (to American Cyanamid) (1956) 

TVieUnd and Sehiing Oar )>•■ 840 243 (to Boehnnger SohO) IChim ZerUr . 125, 51T4 
1954)] 



CHAPTER 5 


DESULFURIZATION WITH RANEY NICKEL* 

George R, Pettit 
University of Maine 

EnOENE E. VAX Tamelex 
Vniveraily of Wisco7ism 

CONTEXTS 

yxae 

Intiioduction ........... 357 

MECltAXisji ............ 358 

•Scoi'i: A.VU Lijiit,itio.ss 380 

Thiols 302 

Thioothcrs ............ 308 

Disulfides ............ 373 

Hemithioiicctals utid lleinitliioketuLs ....... 374 

Dilhioiicetuls iind Ditfiioketuls ........ 378 

Thiouiuides ............ 385 

Thiol Esters ........... 389 

IfiOtliiouroniuin .Salts .......... 392 

Thiophenes and Tliiazole.s ......... 393 

Sulfoxides ............ 398 

Sulfones 399 

.Sulfonie .\eiils. Esters, and Amides ....... 40(> 

.Miseellaneous . . . . . . . . . .401 

CoMf.viitso.x WITH Otuek Mimions ....... 403 

Kxi'IUUMO.NT.Sl. Co.NOITlO.VS ......... 4(>»j 

Kxriuuitn.vTAL I’aof nin i'.ns ......... 409 



DESULFURIZATION WITH RANEY NICKEL 


Deeulfuruation of 3^-AceMiiy-6a furostane 12,26 Bisethylenethioketal 
l,5-Anhydro-4-((3-D glucopyranoaylj-D-glucitol Heptaacetate from Phenyl 
l-Thio-^-cellobioside Heptaacetato 

Desulfurization of Spiro (S-diidienylmethyl l.3-oxathiolanB-2,3' cholestane) 
Desulfunzation of y-2 Thienylbutyric Acid 
Hydrogenolysia of 5-1 Butyl 2-thmoic Acid 
Desulfurization of N Benaylsacchann 

Tabui-ab Subvey 

Table I. Raney Nickel Desulfunaation of Thiol* . 

Table II. Raney Nickel DeEulfunaation of Thioethers 

Table III. Raney Nickel Desulfumatioii of Disulfides . 

Table IV. Raney Nickel DesuKuniation of HemithioacetaU and H< 
thiokelala • ‘ ^ 

Table V. Raney Nickel Desulfunzation of Dithioacetals and Ditbioketals 464 

A. Dithioaeetale 

B DithioketaU . • • ’ ' ati 

Table VI. Raney Nickel Desulfunzation of Thioaioide* . . 4ii 

Table VII Raney Nickel DesulfunzaUon of Tbiol E*ta« . 4 

A. FormalionofAldehydes. Hydrocarbons, end Sulfide* • 483 

B. Preparation of Alcohols ’ ’ ..oi 

Table VIII Raney Nickel Desulfunzation of Isothiouromum Salts . . 491 

Table IX. Raney Nickel Deaulfuntation of Thiophenes and Thiatoles . 493 

A Thiopheuee 
B Thiazolei 

Table X Raney Nickel DeeulfunzeUOD of Sulfoxides 
Table XI, Raney Nickel Desulfunzation of Sulf^ 

Table XII. Raney Nickel Deeulfurization of Sulfonic Acids, Esters, and 

Amides • ■ 5jg 

A. Sulfonic Acids ' gig 

B Sulfonates ' ' g2o 

C Sulfonamides c ir ,. 

Table XIII Raney Nwikel Desulfunzation of M»ceUaneoue Organic Sullor 

Compounds 

INTRODUCTION 

The flrrt exempl. of the deeulf.oz.t.on of .n orB.me eompeond by 
me.n. of Raney niekel »»> reported by Bonganit n. 1940. W that 
time the react, on ha. brtn. need mth nruob .non... both for .y^th,... and 
the dotermination of atmcture In ecnoral, a Raney nrck.l desnlfnit- 
ration inTolTC. the breaking of a carbonmnllur bond .n an organic 

anbstanceand, nsualiy, thefonnationofatleaatonenewrer on y oge 

bond. The oxidation rtate of tl. aoliirr that u removed may vary from 
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two to six. Although the hydrogenolysis of organic compounds con- 
taining sulfur has been accomplished by a variety of inorganic reagents, 
this survey has been restricted to desulfurizations brought about by 
Raney nickel in which adsorbed hydrogen usually, but not always, has 
been retained. The symbol “Ni(H)” will be used to indicate such a 
reagent. Desulfurizations effected by nickel-aluminum alloy and 
aqueous alkali (Schwenk-Papa reduction) also are included. The 
analogous Raney nickel deselenization-- ^ reaction has not been reviewed. 
Several facets of the Raney nickel desulfurization reaction have recently 
been reviewed by Challenger.'* 

MECHANISM 

Associated with the problem of a hydrogeno lytic desulfurization 
mechanism is the question of hydrogen source. BougaulD-'’ in his initial 
investigations showed that Raney nickel, as ordinarily prepared, contains 
large quantities of hydrogen that is effective in reducing various organic 
and inorganic substances. Others’ have expressed the belief that it is 
this “bound” hydrogen that participates in desulfurization reactions. 
On the other hand, the observation that acetaldehyde was formed in 
certain thioketal desulfurizations which were carried oat in ethanol led to 
the proposal that it is the hydrogen produced in the dehydrogenation of 
ethanol to acetaldehyde that is utilized in the desulfurization.** Bonner 
later demonstrated that the source of hydrogen is actually the nickel and 
that the production of acetaldehyde from ethanol is simply a concurrent 
reaction.** 

In an early paper Bougault suggested as the first step the formation 
of a nickel mercaptide, which then decomposes to nickel sulfide and a 
hydrocarbon.* Since then, several groups***"** have expressed the belief 

RSH -i- Ni NS— Ni— SB -f 

that free radicals are intermediates, and, indeed, such products as one 
might expect on this basis have been isolated. 

“ Hauptnirtnn mid Wiiltor, J. Am. Chem. Soc., 77, 4920 (1956). 

“ Wisemun and Gould, J. Am. Chem. Soc., 78, 1700 (1954). 

* Challenger, Aspects oj the Organic Chemistry oj Sulphur, Butterworths, London, 1950, 

“ Bougault, Cattelain, and Chabrier, Bull. soc. chim. France, [5] 5, 1090 (1938). 

“ Bougault, Cattelain, and Chabrier, Conipl. Rend., [5] 208, 057, (1939). 

’ Mozingo, Wolf, Harris, and Folkcrs, J. Am. Chem. Soc., 85, 1013 (1943). 

“ Wolfrom and Karabiuos, J. Am. Chem. Soc., 86, 909 (1944). 

“ Bonner, J. Am. Chem. Soc., 74, 1033 (1952), 

“ Hauptmann and Wladislaw, J, Am. Chem. Soc., 72, 707 (1960). 

“ Hauptmann, Walter, and JIarino, J. Am. Chem. Soc., 80, 5832 (1958). 

“ Kenner, Lythgoo, and Todd, J. Chem. Soc., 1948, 957. 

Balter, El-Nawawy, and Ollis, J. Chem. Soc., 1952, 3103. 

“ Badger and Sa3.sG, ./. Chem. Soc., 1957, 3862. 



KKsI /.M H»74TI<»\ iwri{|{i\f;\ Mc’KKf. 


W9 


At j)n-wtii It I* *• iliat the tirst Mcp in any dfsulfumalion 

«ith Uancy iik kri « lu nii>4>q>tion of the miifur atom on the hurfaco 

of the tataltst Thi« ri'Bitinn i« follfmej l»y fixsion of the carlwii-sulfur 
!»<jficf ci“n*f ri'*' fmlicnK The reartion may then procwd by 

h>>dro|^< nation <ir rceomiuiiAtioii of the rathcaU an slioun in the nccora* 
juinMii;; i-cjuation ]ioth n-action* hate la-on oI>servi-d. and the pro- 
IKirtion of «a<h i« cJi-jK-mh-ni ujam the quantity of hMlroKcn naiiilable 

un r- ii'it 

11— S— -If 

Itlt ^ lllf . U'U' 

DeactivalKl eatal) kIm affonl cn-aier vielUa of Uto dnniric products, uhile 
masBuc ainounlaof active lUiioy nickel fat or hydrogenation Dcsulfuri- 
zationofS-lx-nzoy hhiophenotl) '•<]iph<'nyJ<Jt»uW3Je<lI).’'andi’-nsphlhyJ 
thiolienioate (llll” may U* cititi an raamiiieH 

Jcof,u, c^u^nucH.i.tii, + c,n,c o(cu,i,coc,ij, 

(CiiitS— ), — r c.u. + /.-c.iijf.ii.c.ir, 

II M*. oln*. 

2-t’„HfSCOC’,lt, r 2.2-.(C„U,)» + 2-C,oir,C,ni 

+ C„1I, + (C.II.), 

The disulfide II, on tn-atment at 140’ with Kaney nickel degassed at 
200’, is converted to diphenyl sulfide in H7% yield." Apparently at 140’ 
the carbon<su1fur bonds remain intact for the most part, tthcrcaa in the 
viei/uti' of 200’ they arc cleaved to form phenyl radicals. Tho isolation 
of benzene indicates that even the small quantity of hydrogen remaining 
on the nickel after degassing at 200° is still available for hydrogenation. 
Utilization of Raney nickel degassed at 600’ and containing 0 5 ml of 
hydrogen per gram demonstrated" that the yield of biaryl Mas never 
le.ss, and in some cases »as more, than that observed when the catalyst 
degassed at 200° Mas used. 

Because different products are obtained when nickel catalysts containing 
varying amounts of adsorbed hydrogen are employed, it has beensuggested 
that this hydrogen actually causes the fisaon of the carbon-sulfur bond.*‘ 
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The loss of carbon monoxide during the desulfurization of thioesters 
with degassed Raney nickel as illustrated with the ester III above has 
been confirmedd^ 

The stereochemical course of desulfurization has been studied by 
Bonnerd®'^^ The amides of both dextro- and levo-rotatory 2'phenyl'2- 
(phenylmercapto)propionic acid afforded completely racemized 2-phenyl- 
propionamide, as did both optically pure forms of the corresponding 
sulfoxides. These results point to a radical mechanism. However, the 
sulfones corresponding to the same phenylmercaptoamides were converted 
with nearly complete retention of optical activity to the desulfurized 
products. Although the configurational relationships of the starting and 
desulfurized materials were not known, the rotational data suggest that 
desulfurization occurred with inversion. Bonner suggested initial 
adsorption of the sulfone on the nickel surface through the oxygen of the 
sulfone function, followed by interaction with an adjacent hydrogen 
atom in such a way as to break a carbon-sulfur bond and, simultaneously, 
to form an optically active reduction product.^^“ 

The way in which the Schwenk-Papa method differs mechanistically 
(if at all) from desulfurization wth prepared nickel catalysts is not known. 

SCOPE AND LIMITATIONS 

A number of the side reactions that occur during desulfurizations with 
Pvaney nickel were foreshadowed by the early investigation of Mozingo, 
Spencer, and Polkers'® who subjected various reducible substances to 
representative conditions of the desulfurization reaction. Olefins were 
found to become satm-ated, and aliphatic ketones were converted to the 
corresponding alcohols. Both azoxybenzene and hydrazobenzene suffered 
reductive cleavage of the nitrogen-nitrogen bond and, in ethanol as the 
solvent, yielded N-ethylanihne. The latter type of reaction subsequently 
was shown to be a general procedure for effecting N-alkylation.^®”^‘ 
Base-catalyzed C-alkylations with alcohols also have been observed to 
occur in the presence of Raney nickel.^^’ All these reactions have 

Hauptmann and WladiBlaw, J. dm. Chem. Soe.^ 72, 710 (1950). 

Bonner, J. Am. Chem. Soc., 74, 1034 (1952). 

” Bonner, J . Am. Chem. Soc., 74, 5089 (1052). 

Cf. refs. 307 and 342 for more recent studieH pertinent to thia .subject. 

Mozingo, Spencer, and Folkera, J. Am. Chem. Soc., 68, 1859 (1944). 

“ Kao, Tilak, and Venkataraman,^^. Sci. Ind. Research (India), 14B, 024 (1955) {G.A., 50, 
13771 (1956)]. 

Venkataraman, J. Indian Chem. Soc., 35, 1 (1958). 

Bice, Kohn, and Haascb, J. Or/j. Chem., 23, 1352 (1958). 

“ Wenkert and Bringi, *7. dmer. Chem. Soc., 80, 5575 (1958). 

** Becker, J. Chem. Educ., 36, 119 (1959). 

Densa, Experientia, 15, 95 (1959). 
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suicc l>iTH oWr^fll to occur iluni^ dMuJfunzation.**-’*’*®’**"" The 
work of Mozingo and collaborators, in addition, implied hydrogcnolytic 
rcmo\al of oxjgcn from the bcnzylic position:**-” aliphatic carboxjl and 
ester groups. hQwe>cr. appeared to be stable under dcsulfuriiation 
conditions An exception to the latter generalization involves hydro- 
genolysH of ketol acetates.*** 

Additional examples**'** uidicate that complete h5’drogenol3’si3, rather 
than ‘iclcctiic desulfurization, of a carbon bound to both sulfur and 
nitrogen can take place Furthermore, compounds having carbon singly 
liound to both .sulfur and oxygen (bcmithioiacctal or hcmithiokctall can 
regenerate the parent carbonyl compound **'“ 

Aromatic comjiounds containing nitrogen in various oxidized states 
have licen reduced to primary amines concuircntly with desulfurization; 
examples include nitro.*’ hydroxylamino.**-** and nitroso” functions 
Several examples involving saturation of an aromatic nng have been 

•• Stork, >an Tinirlrn. FrwUmon. •«] llurfnuhWr. / Am Ckem Set . 7S. (IP63), 

" UolUril Mrlutroin. on,) Sirulh. an Tir rOrmxlrjr tf PinuJiin. p S8S. rrincoton I'niv, 
rrru. IMS 

» Cron>n J Org CA/i>a . 14. lOIXISIftl 
" Kemfrlil, J Org < lum . l«. Ill |ltSl) 

Kne»1n*n.|Thom|Mun./ Am Clum Sm . 78. 3313 IIHT) 

" Emrit. OvllrriMK Ctfilitdor Clum Cemmynt. tl. ItSI (IS&g) [C A . 60. 13740 (1334)]. 
•> IlnStutS. 4n<I EtnaKil. CtUMut Cutiuuin Clum. Ctmmynt . SI. 1433 (1336) 

(f A . 60. 13749 (1934)1 

<> Wolbon-k)-../ Or; CWm . IS. 703 (1333) 

“ \ti1df, Zriinchol. Sulioo. oimJ JohnMMW .t Otg.fkem . 13, 335 (1334) 

” Hull Hoi ond S>. J Ov C6r<n . S3. 97 II33SI 

'* Ool'drorb and Koruutntinoa. Ai-H S'tmt SJS R , OldrI. Khtm. .Vaul. 1854. 

9gt{CA . 81. 3041 (1967)) 

** LuifringhouA and Dcckofl. Angru. C^m . 47. 373 (1933) 

•• Out. rniia. and lUicbMoin. Ilelt Clum A<la. 30. 743 (1347), 

•’ lluaary. Liao, and Halirr. J Am CA<m 3br . 7$. *‘ST (1933). 

cr nfa 390, 391, and <17 
■ baddili-y, J Clum Sm . 1934. 3S93 
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reported, “ although aromatic rings originally were reported to remain 

unchanged during nickel desulfurization.^o 

An early prediction by Schroter®® concerning the possibility of using 
Raney nickel desulfurization for the quantitative determination of sulfur 
in carbon compounds has been realized. The nickel sulfide resulting from 
desulfurization is treated with acid, and the liberated hydrogen sulfide is 
determined by titration with mercuric acetate®® or by a polarographic 
niethod. ihe quantitative studies point out that approximately 95% 
of the original sulfur is converted to nickel sulfide during desulfurization, 
ihe late of any remaining sulfur has not been established.®® 

Many of the side reactions involving reduction described above can be 
used to advantage or circumvented by the use oi deaclivated, rather than 
ac iae Raney nickel. Several apparent discrepancies arise in the con- 
sideration of occurrence or absence of reduction accompanying desulfuri- 
zation, these can be explained by assuming differences in reaction 
conditions or by differences in nickel reagents, which may vary in activity 
with age or method of preparation. In general, the Raney n4el reagent 
u.sed for desulfurization may lead to side reactions involving reduction, 
oxidation, learrangement, or condensation.®® 


Thiols 

«an be desulfurized by 

fiom of V the one resulting 

carbon lit 1 carbon-sulfur bond and the formation of a new 

arbon-hydrogcii bond Such desulfurizations range from relatively 

inmhthtktr? " 1 r !'°™'‘tion of ethane from 1,2-ethanedithioff or 

the T "‘^P‘'thalenc-^-thiol® to the more complex case involving 

trod rlZ n 2-.nercaptobenzothiazole (IV) to the mixture of 

hydroxide solu'tion.t- "’cthanolic .sodium 

The desulfurizatir... of mercaptan., ^as iveil as other organic .sullur 

» -pen„.en.. 

r. “'"'‘I" J- ‘'lam Soc.. 1U57. l.-.O. 

IJL'rfUi, U..inuimlliuii, uiid Vi'ii.,i.i. , . . f , 

[C’.^l., 51, Sfl'li) ( 10 , 07 )) “i.ii<.ui..y..Sc.. hui. l(e.iL!i,Ui. (/i.J.Vi), 15B, STO (lOiU) 

ficlirott“r, in *Ni.K'cr i* • , 

Yoric, 1018. ■ ^ Organic Vhcmhtnj, p. 7-1, InlurKciuncw 

» Cnammll, 1,„„. Vhan., 31, ,ol , 10.70). 
lnfoiuj\. Iwinov, uiu! i’uvh r- » . 

077.7 (1U55||. ' ■ Imlijjif tu . 7. 1 (10.74) iC'.i , 1». 

** LiolitT Alointz iti ^ 1 ./. .. • 

1053. ■ ‘ \ ul. V. p. 417. n.ic I'r.wi, Xca- York 
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tomiHiuiuis) 11 chiiroctrnzt'd l>j a high order of (.elect ivity; only occasion- 




«,tt Ml, o lI,XC,lI,Si)C,lI,N-lI,-o 


• do Mile reaitioji.* uilerfm* anil rarely doci an alteniatc reaction 
-ni^Tiriie A 'trikmg examjJe is (ho deoulfuritation of S-mercapto- 
tetriluilrolluiUihenr “ in «hirh the iDercapto group waa rcmoied \Mthout 
at tael, on the thuH.i Ik r linkage On the other hand. N'-(/?-mcrcaptoethyl)- 
J l>enzi)jhsoliulvf«mKJe sulTered riiluetioii of (he kelo carhonjl group 
on desulfurization “ Thiol derivalivei of carljohtdratcs can be hydro- 
genol>ze«i ttilhout complication for ezample. l.C-dithiodulcitol (V’) 
«aH converted, after aceUlation. to the tctraacet.il derivative of 
l.fi-dideoxjdulcitol (Vl> “ 


Clli.'iH 

I 

IKUK 

I 

iiocn 

I iWn Shill 
llOCII 
1 

neon 

I 

C 1 I,SU 


t’JI, 

I 

iicococir, 

I 

(•||,CO,CU 

I 

CII.CO.CII 

I 

UCOCOCII, 

I 

cir, 


'<'M,t,(’(SH(CnCO,CII, 

MtCOCilCII.OJI -iliili. 

I 

Mirocii^-,u, 


<cii,i,cucnco,cii, 

I 

yncocucUiOU 

I 

NHCOCII,C,II, 


IVsuJfurization of IbjoN has been eiDploied extensively for deter- 
mination of structure, particularly in the peruciilin series For example, 
N-(N-phenjlacetyl-I-Beryl)-d-penicillamine incUiyl ester (VII) gave the 
corresponding D-volinc methyl ester VIII,** and bciizylpeniliamine (IX) 
led to dethiobenzylpemllamine (X).** / 5 .^'-D:mercaptoisobutjTio and, 

’* Mili-a snd Ow«n. J Clum. Sve , l9$2, 8tT. 

Uludon. Overtnd, Owen, an-l Wiggiiu. J Clum Soe , ISiO. 3000 

" Biker and 011.1, J CArm. See . USl. SM 

1* Cook, m Tht Chfmulrjf of PtrunUtn, p 116. Pnneeion Univ. Frese. 1049 
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reported, although aromatic rings originally were reported to remain 
imchanged during nickel desulfurization.^® 

An early prediction by Schroter®® concerning the possibility of using 
Raney nickel desulfurization for the quantitative determination of sulfur 
in carbon compounds has been realized. The nickel sulfide resulting from 
desulfurization is treated with acid, and the liberated hydrogen sulfide is 
determined by titration with mercuric acetate®® or by a polarographic 
method.®’ The quantitative studies point out that approximately 95% 
of the original sulfur is converted to nickel sulfide dmdng desulfurization. 
The fate of any remaining sulfur has not been established.®® 

ilany of the side reactions involving reduction described above can be 
used to advantage or circumvented by the use of deactivated, rather than 
active, Raney nickel. Several apparent discrepancies arise in the con- 
sideration of occurrence or absence of reduction accompanjdng desulfuri- 
zation; these can be explained by assuming differences in reaction 
conditions or by differences in nickel reagents, which may vary in activity 
with age or method of preparation. In general, the Ranej"^ nickel reagent 
used for desulfurization ma 3 ' lead to side reactions involving reduction, 
oxidation, rearrangement, or condensation.®® 


Thiols 

Alipihatic and aromatic mercaptans ordinari] 3 - can be desulfurized b 3 ' 
treatment wth Raney nickel, the product usually being the one resulting 
from cleavage of the carbon-sulfur bond and the formation of a new 
carbon-h 3 "drogen bond. Such desulfurizations range from relativci}' 
simple examples hke the formation of ethane from 1,2-ethanedithiofi or 
naphthalene from naphthalene-/?-thioP to the more complex case involving 
the transformation of 2-niercaptobenzothiazole (TV) to the mixture of 
products shown. The reaction is carried out in boilL.g methanolic sodium 
hydroxide solution.^* 

The de.sulfurizati' .. oi inercaptarj.^ ,ds aeu as other uigaiiic suLaT 

O. P». Pt'vtji a;id Pk £ Kadoiicc. ujij/ublioxjr-i experim-^ntr: 

Compare; 03 

Duvic-s an^i Portor J. C\hem .Soc . 1957, 450- 

** P»c,^ijianzitbur,, aird y. Jnei. Hi-ttoreJi. 13B, ^1900; 

[C A., 51, 3590 (1957)j 

Schrot'-r, in ,Seircr oj I^rep'jrative Organic Chimieiry, p. 74, Inter^ienc,,, 

York, 104 b. 

^ .'iiHil. C'r.cin., 31, 134 

Trifonov Ivanov, arit! Pavlo* f’nntnt. rend c. id hniyj'e sci 7 » fl954, 'C ■» , ai- 
G775 ( 1955i 

^ LicbcT Morriii:, in Adiancejf in (.'niaj \ ul. V. p. 417, nuc Pcc^s, .N-; •*' 1 

1953. 
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(om{iound!i) h iharactcwt'd l»y ii high order o( iselcctnity ; only occasion- 



'l'\ do sidi' roactiom mteifero. aiul rarely does an alternate reaction 
eiij-erveiie A striking example i« the desulfurization of 3-mercapto- 
tetrahxdrnthuiplii'uc,** in uhirh llie inercaptogroup was removed without 
attack on the thiocther linkage On the other hand. N-l/3-mercaptoetliyt)- 
Ix-nzojlisoliutviamide suffered retluction of the keto carbonjl group 
on desulfurization “ Tluol denvutivoH of carhohjdratcs can bo hjdro- 
ceiiolyzeil without complication for cxoniple. 1 G-dithiodulcitol IV) 
WB« converted after acetylation, to the tetraaeetvl derivative of 
J.O-dideoxjduleitol tVI) “ 

ITIr'tH t’H, 

I I 

IKOII IICOCOCII, 

I . I 

IIOCIl *«s-.|rU,lw C'll.CO.CII 

( 1 

ItOCU ClI.COjClI 

I i 

lictm iicococu, 

I I 

cn,su «r. 



Desulfurization of Ihiols haa been cinploved extensively for deter- 
mination of structure, particularly in the penicillin senes For example, 
S-(N phenyUcctyl-f-serylpd-penieiUainine lactliyl ester (Vll) ga\e the 
conesponding i)-valine methyl ester and Lenzylpenillamme (iX) 

led to dethiobcnzylpenillamine (X).** ^^'•Duni.rcaptoisobutjTic acid, 
'• MiIm ind Owen, J €&<•>>. . 1952, 6IT. 

BUdon, Overend, Owen, end Wiggiiu. J Oum Sec . 1650. 3000 
'' Baker end Ollie, d. CA<>7> «oe,lBS1.55« 
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NCH(CO,n)C(SII)(CH3)3 XKH, 


CH.CeHj 
IX 




NCHICOjIDCHCCHa), 
CHjCellj 
X 


the reduction product of a disulfide isolated from asparagus, was identified 
in part by desulfurization, which afforded isobutyric aeid.®^ 

The literature is rich in examples of desulfurization of heterocyclic bases 
with one or more thiol groups attached directly to the aromatic ring. 
Such reactions have been used for the synthesis of otherwise difficultly 
obtainable substances. Thus imidazoles can be prepared by removal of 
sulfur from thiohydantoins, e.g., XI — *■ XII, which may be considered to 
react in the tautomeric 2,4-mercaptoimidazole form ; imidazole itself was 
obtained in 25% yield by this method.” In a similar fashion, mercapto- 



xi(H> 

iisi,,^,Jlsfr ^ 

ii 



XI 


.XU 


pyrimidines .serve as useful precursors for pyrimidines; the parent 
heterocyclo was formed in 17% yield when the reaction was carried out 
in water at 50°.“ Hydro.xyl and amino substituents do not interfere; 
for example, 2-mercapto-5,G-diamino-4-hydro.xypyrimidine (XIII) wa.s 


.Vl(il) 


XIII XIV 

transformed into the expected product XIV in S0°o yield.” Selective 
removal of sulfur in the pre.sence of a halogen sub.stituent may be exempli- 
fied by the desulfurization of 4-mercapto-5-amino-0-chlorof(yrimidine 
(XV) in 25"u aqueous ammonia.®' 

Triazole.s and triazine.s are obtainable b\’ parallel reaction.s; desulfuri- 





n' 



.V'dll 


li,N 

Cl 


^N 
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zations of 3-phenj i•5-mc^capto•l,2,4•tria^olo (XVl)** and 2-ammo-4- 
mercapto-6-benzjl-l,3.5-triazine (XVII)** serve aa illustrations. 

11 II 

XVI 




NU, 

XVII 


■■n 


Although a small amount of thiarole is formed on desulfurization of a 
2-mcrcaptothiazolc, the preponderant product usually is a completely 
desulfurized material For example, acetophenone was obtained from 
4.phenyl.2.mercaptothjazole (XVIll)** and aniline from 2-inercapto. 
benzothiazole (1V).« With a partially degassed W-? Raney nickel 



IS% 


a:j..=co’-' 


HSCeU.NH, + C,II,NH, 


catalyst’® m methanol, desulfurization of the thiol IV follows a somewhat 
different course.** 


+ C^»NnCH, + C.UjNH, + 


(ClTi), 


Desulfurization of 6-nicrcaptopurine (XIX) m ethanohe ammonium 
hydroxide solution or m boiling water affords punne ’* A number of 
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jiyrimidines related to XX were easily converted to sulfur-tree products 
in yields of 44— 84%,'^^® Attempted desulfurizations of pteridinethiol'- and 
several purinethioLs’® have been reported to be unsuccessful. 

OH OH 



XX 6i% 


Raney nickel desulfurization of 2j?-mercaptochole3tan-3/?-ol (XXI) in 
acetone affords predominantly cholestan-3y?-ol accompanied by eholestan- 
3-one (XXII). In benzene as solvent- the thiol XXI is converted to the 



XXI xxu 


ketone XXII in 80% yield.'*® Comparable hydrogen trarrsfers have been 
observed, under similar conditions, in reactions not invol'ving desul- 
furization.^®- 


Thioethers 

Desulfurization of thioethers can be carried out selective!}' in the 
presence of other reilucible groups. Dibenzyl sulfide, 4-methylmfrcapto- 
butyric acid, and diphenyl sulfide are a few of the many sulfide's which 
have been hydrogenolj'zed in good jdeld to the expected products; 
toluene, butyric acid, and benzene, re.spectively.^ 

Ketones pos;sessing a thioether function have been desulfurized success- 
fully ^vithout reduction of the carbonyl group. For example, z-thio- 
eth 5 ']deoxybenzoin jdelded deoxybenzoin^® on treatment with Raney 
nickel partially deactivated by contact with acetone. 

Intramolecular cyclization has h>een reported to occur during the 
desiilfurization of -’ertain cyclic thioethers.'® Noteworthy is the produc- 
tion of bic}'clo[2.2.1]heptane iXXIV) from the -ulfide XXIII. The 
product of internal cyclization is u.^uall}' obtained in poor yield. However, 
it is conceivable that the proportion might be increa-c-d by emploj-ing 
hydrogen-poor Raney nickel. For example, nickel from which hytlrogen 
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has been or jiartly rnnovMl by heating* often produces 

desulfurization uithuut h>«ln>genolysis. e.g , the removal of sulfur from 
di-(p-niethoxyphcn>l) nulfidc funnuig p.p’-diiucthoxybiphenyl ’* 

There are several examples of tbioether desulfurization accompanied 
by additional hydrogenation. One is the selective reduction of the 
acetonide XXV in acetone solution •• Hjdrogenolysis of the benzyl ether 



XTV 


XXVI concomitant with desulfurization uas accompliabed in c)d% 





yield*’ A similar reaction took place when {raM-2-phcnyJmertapto-l- 
mdanol was ealiifected to Raney nickel dosulfuiizution in refluxing 


0:3“'-CC, 

ethanol.’* Reduction of » cyclopropane ring occurred in good jneid 
dunng desulfurization of 2.3-dihydrothianaphthen 2 3-ylcfie acetic acid 
(XXVIfj with W-7 Raney nickel ” 




” H«uplmaQn.J Am CUm Xc« , «». SS2 (lIMt) 

Hsuptmann. \Vladiel»>v, Nsuns, snd Wsllsr. Ann , 578, 45 (1^52) 
** Ford, Fltkethly, and Youiis TSeruSerfron, 4^ 325 (10581 
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Other examples ineludo the hydrogenation at room temperature of 
l-mothyl-G-mcthylthio-3,4-dihydro-2-pyridone (XXVIII)®“ and partial 
reduction of the indoline XXIX.“‘ 



H H 


XXIX 


I'wo of the few unsuccessful attempts at desulfurization of thioethers 
involve the heterocyclic compounds XXX and XXXI; sulfur could not 
bo abstracted from either molecule.®^ Failure to effect desulfurization of 
the purine XXXI was attributed to bond formation between the acidic 


CIIjCO 

CU 


SCHj 


O' 
XXX 


XXXI 


— ^NH group and nickel.®* However, ethylmercaptodihydrothebainonc 
(XXXII), a thioether of some complexity, was smoothly converted to 
dihydrothebainone.® ‘ 




Ueimull, Ann. cliiin. (J’nrU), 10, 13S (1005) [C.A., 60, 0108 (1050)). 
Uohringcr and Weitwauer, Chetn, Uer., 86, 7*13 (1U52). 

•• Kurrer and Duttn, /lelv. Chim, Acta, 31, 2080 (1018). 

•* Uakur, JoHupli, jmd .Schuub, J. Org, Chem,, 10, 031 (1054). 

** 1‘crrino and Hnial), J. Org. (Jhem,, 17, 1540 (1D52). 
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Various &mina acids have been ooireJated stereochemicaJly by the 
replacement of sulfur by hydrogen. (+>-Methioiiine, for exaniple, 
afforded (— )-a-aniinobutyncacid by a route that cannot involve inversion 
at the asj’mmetric center 

As a purely aynthetie tool, the desulfurization reaction was used to 
advantage in the total synthesis of cantharidin (XXXIII).** The 
tncyclic diol XXXIV was transformed into an intermediate (XXXV) 
possessing the desired angular methyl groups, after which stepwise 
oxidative degradation gave cantharidin. 



Itemoval of the tbioglycoli'c acid side chain from the naphthoquinone 
XXXVI constituted asynthesU of plumbagin{XXXV3I). Accompanying 
the latter in small amount was the product XXXVIII resulting from 
isomerization and further reduction Several deoxy pentose and 



XXXVI XXXVII XXXVIII 

hexose derivatives have been obtained by desulfurization of the appropriate 
thioether. The dimethylacetal of 2-ethylthioglucose (XXXIX) yielded 
XL,«* and S-methylthio-^-methyl-l-xylopyranoside (XLI) formed 3- 
deoxy-zJ-methyl-l-iylopyranoside (XLII).** 

One finds in the thioether series, as in the thiol series, a number of 
transformations involving pyrnjudines, amoi^ which may be cited the 

•• Vogler. Httv CUm AUa. 30. 1706 (19*7) 

ThomBoD. J Chtm Soc . 1981. 1S37 
■’ Thomaon, J Chtm Sae . 1958 , 18 * 2 . 

•• Bolliger &nd Schmid, Hcli> Onm JUta, 34. 1697 (19S1| 

•• MukherjeB and Todd, J. Chtm Soc . 1947. 969 
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CHiOCHj), 

HCSC2H5 

I 

HOCH 

I 

HCOH 

I 

HCOH 

I 

CHjOH 

xxxix 



OH 


XLI 


^2 

HO 


XKH) 
> 


CH{0CH3)2 

CH, 

I 

HOCH 

1 

HCOH 

j 

HCOH 

I 

CHjOH 

XL 


Ni(H) 


H2N|^==‘^N 

Qjso. 


N1(H) HjNi 

H, HO 



OCH3 


preparation of 4-hydroxy-5-ammopyrimidiae (XLTII).®® In the purine 
group, adenine (XLV) was prepared from the 2-methylmercapto derivative 
XLTV;®^ a new synthesis of adenosine (XLVII) was realized by the 



XLIV XLV 


desulfurization of a 2-niethylmercapto precursor®^ or its acetyl derivative, 
XLVI (E, = H or CH 3 CO).®® 




Boarlaud and McOraie, J. Chem. Soc,, 1952, 4942. 

Bendich, Tinker, and Brown, J. Am, Chem. Soc.y 70, 3109 (1948). 
•* BavoU and Lowy, J. Am. Chem. Soc., 74, 1563 (1952). 

•* Kenner, Taylor, and Todd, J. Chem. Soc., 1949, 1620. 
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Desulfurization has been employed in a number of important structural 
studies. One of the most levealing techniques of degradation applied in 
the study of biotin waa desulfurization, which converted biotin methyl 
ester (XLVIII) to dethtobiotta methyl ester fXLIX).** Because one of 



.A. 


I !(CH,},C0,CH, 

cu. 


the asymmetric centers » destroyed in the process of sulfur removal, the 
reaction also proved of value in the stereochemical correlation of various 
synthetic biotin isomers with the natural product ** Most carefully 
scrutinized in the penicillin senes was benzylpenicillm (L).**-” which, as 
the sodium salt, yielded three products, mainly dethiobenzylpenicillin 
(LI), along with phenyiacetyl-L-alanyl-D-valine (LIT) and the isobutyl- 
amide of phenylacetyl-L-alanine (LIII). The valine derivative arises by 

c,ii,cii,coNnr — ^^N(cu,i, 

0=^N VO.Na *• 0=1 Jf CHCOjH 

t LI 


C,H,CH,CONlICHCtI, CU(CH,), C.H.CII.CONHCHCH, CH(CH,), 

) I + ) 1 

CO— NH— CHCO,H CO— NH— CH, 

111 LUC 

complete hydrogenolysis of the carbon atom bearing both nitrogen and 
sulfur, a phenomenon which is not unique, the formation of LIII, on the 
other hand, is a curious result which may involve a decarboxylation-jS- 
elimmation followed by reduction Hydrogenolysis of the type leading to 
LII w as later encountered in investigation of the antibiotic actathiazone 
acetamide, along with the anticipated methyl 7-acetamidoheptanoate, 
was obtained on desulfurization of the methyl ester LIV of the natural 


0=1 nh 


> CHjCONH, + CH,CONII(CH,),COtCn, 


Melville, Fallen- Wolf, Moungo. Keen 
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product.'*® Interestingly enough, a compound of similar constitution, 
LV, has been reported to form the amide LVI as a result of carbon-sulfur 
cleavage only.®’ 



Thiadamantane, an unusual constituent of IVIiddle East crude oil, was 
assigned the structure LVII, mainly on the basis of its desulfurization to 
bicyclo[3.3.1]nonane.®® 



Lvn 


Desulfurization studies also have contributed to the knowledge of 
thioindigo dye chemistry.®® Hydrogenolysis of Durindone Brown GS 
(LVIII) with Raney nickel alloy in aqueous sodium hydroxide gave 
1 ,2-di-(a-naphthoyl)ethane (LIX) and a yellow liquid of unknown structure. 
Under essentially the same condition, Ciba Browr 2R afforded similar 



LViii ri.x 


products. In conjunction with other evidence, it was concluded that 
Ciba Brown 2R is probably identical with Durindone Brown GS.*® 

Striking examples of selective h 3 ’drogenolytic removal of sulfur appear 
in the steroid field. Among these are the conversions of the benzv’l thio 
enol ethers of cholestenone (LX) and progesterone (LXI) to 3,5-chole- 
stadicue (LXIl)*°® and 3,r)-prcgnadicn-20-one (LXIII),*®* rcspectivelj'. 
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COCH, 

jca 


AtUok at the double bonds was prevented by the use of acetone- 
deactivated nickel 

It IS noteworthy that desulfumation of the steroidal sepogenin LXIV 
in acetone led to a mixture of 22^-spirosta-3,5.7-triene and the partially 
reduced 22^.8pirosta-5,7-dienc (LXV).‘« Both the double bond and the 



carbonyl group of 3-ethylthio-5-cholesten-7-one are reduced dunng 
desulfunzation with ordinary nickel 


Disulfides 


Desulfurization of disulfides proceeds as expected, the removal of both 
sulfur atoms being accompanied by the mtroduction of hydrogen For 


R_S— S— 
example, L-cystine (LXVI) 
L-alanine.^®* 


H + R'— H 

and Its di-N-bensoyl derivative' yielded 


CtoB &>e.7S, 3T0«(1<S3| 

Ant Chan Sac . 7L 3320 (194»| 
CJhcin Sac.m. 1212(13421 
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SCILCH(NIR.)CO,II „ 

I ■ -1-4. CHjCIKNHJCOjH 

SCHjCH(NH2)COjn 
LX VI 

The reaction between a mixture of diphenyl disulfide (LXVTI) and 
2,2'-dinaphthyl disulfide (LXVIII) in the presence of degassed (200 ) 
Raney nickel at 220° illustrates the consequences of a limited hydrogen 
supplyd*^ This reaction also illustrates the cross coupling that would 
be predicted on the basis of a free-radical mechanism. 

(CeHsS— ). -f 2,2'-(CioH,S— ), 

LXVII LXVIII 

2,2'-(C,oH,)2 + 2-C„H2CjoH, -b (C.Hj), -b C„Hs 

32% 23% 9% trace 

Hemithioacetals and Hemithioketals 
All the examples of hemitliioacetal desulfurization are drawn from 
carbohydrate chemistry, a circumstance which reflects the ready prepara- 
tion of this t3rpo of derivative from the saccharides. In every case, sulfur 
was removed from the hemitliioacetal without disturbing the carbon- 
oxygen bond. 

R' R' 

RO— C— SR" BO— CH 

I I 

R'CH) R'(H) 

Ribose, as the tribenzoate of the 2-naphthylthiopyrano3ide (LXIX), 
is one of several pentoses and hexoses that have been converted to 
anhydrosugar alcohols. Other examples demonstrate that the alcoholic 
hydroxyl groups need not be protected during the desulfurization 



LXDC 


Ni(H) 



C0H5Cb2| 

I-eRsbOz bCOCfiHs 


process.i“®A07 The method is equally successful with disaccharides. For 
example, the maltose derivative LXX gave rise to the expected product 
in 78% yield.Ms 

Jcanlox, Fletcher, and Hudson, J. Am. Chem. Sac., 70, 4062 (1948). 

Fletcher, Koehler, and Hudson, J. Am. Chem. Soc., 71, 3679 (1949). 

1“’ Huebner and Link, J. Biol. Chem., 186, 387 (1960). 

Buu-Hol and Sy, Compt. rend., 242, 2011 (1966). 
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The structure of streptobiosaroine, a major portion of the streptomycin 
molecule, was elucidated by desulfurization of the sulfur derivative 
LXXl to the bisdeoxy compound LXXII whose hydrolysis products 
were subsequently identified When the thiostreptobiosamide LXXI was 
heated with aged {rather than freshly prepared) nickel, the terminal 
fomyl group was regenerated.*** 



The first instance of hemithioketal desulfurization, involved the 
cholamc acid derivative LXXIII,*** while the first example of carbonyl 



in Kuebl. Flynn. Brink, tnd Folken J Am. Oum 8oc . 68, 2096 (1946) 
lu Fieser, He}ninnn. ind Bajngopnlan. J Am, Chem 5ae., 72, 2906 (1960), 73, 5252 
(1951). 
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regeneration from a hemithioketal was provided by LXXIVd^* 
Desulfurization of androst-4-ene-3,17-dione 17-ethylenehemithioketal 
(LXXIV) gave the original diketone LXXV. It appeared likely that the 




diketone LXXV might arise through collapse of a free-radical intermediate 
LXXVId^'- However, subsequent work Vjy Djerassi and collaborators^®’ 



LXXVI 


clearly shows that oxygen may have been introduced from another source. 
Three of the four possible diastereoisomeric forms of spiro-(5-benzhydryI- 
l,3-oxathiolane-2,3'-cholestane) were isolated and the isomer designated 
A (LXXVTI), upon desulfurization in methyl ethyl ketone solution, gave 
cholestan-3-one (LXXVHI), H-)-l,l-diphenylpropan-2-ol (LXXIX), and 
cholestan-3/?-ol. Isomer C (LXXVII), in a similar experiment, afforded 
the ketone LXXVIII in 80% yield accompanied by { — )-l,l-diphenyl- 



2 % 


nxxix 52% 
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propan-2-ol (57%),*® Analogous results have been obtained with other 
cyclic hemithioketals and Raney nickel in polar solvents (alcohols and 
ketones).**"** 

The total yield of oxygenated products demonstrates the introduction 
of oxygen during desulfunsation, whereas preservation of asjTnmetrfc 
centers (e g., LXXIX) indicates both loss of the ketone oxygen during 
hemithioketal formation and cleavage of the oxygen-carbon steroid bond 
during hydrogenolysis.** 

A possible mechanism for the “oxygen introduction” step has been 
suggested After formation of a coordinate bond between sulfur and 
mckel, an intermediate such as LXXX might be available for attack by 



LXXX LXXXI 


IlCH(OH)On, 

/ 

hydroxide ion (from the catalyst) to yield a hemiketal (LXXXI). The 
ketone and alcohol fragments could then arise after desulfurization (via 
the usual free-radical pathway) and cleavage of the hemiketal (LXXXI) 
The latter step might take place during isolation ** 

When desulfurization of a hemithioketal is allowed to occur in a non- 
polar solvent, such as benzene, the reaction follows a more complex 



si-ao% 
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course. For example, Hpiro-(6-ben2hydryl-l,3-oxathiane-2,3'-cholestane) 
(LXXXII) led to the compounds shown in the aecompanying formulation. 
The formation of these products probably proceeds from a free-radical 
intermediate such as LXXVI above.'*® 

The experiments described above have practical significance because 
isolated ketonic carbonyl groups can be converted preferentially to 
hemithioketals in the presence of a,^-unsaturated ketone functions and 
the reaction can be reversed simply with Raney nickel. 


Dithioacetals and Dithioketals 

Since dithioacetals (mercaptaLs) and dithioketals (raercaptols) ean be 
hydrogenolyzed smoothly with Raney nickel, a route other than Clem- 
mensen or Woltf-Kishner reduetion is available whereby an aldehyde or 
ketone carbonyl group can be transformed into a methyl or methylene 
group. The desulfurization route is preferable on occasion because the 
reaction can be carried out in almost neutral media. 


B 


\ 


B 


C=0 


U'SU 
> 


B'(H) 


SB" 


B 


B'(H) 


\ 


NKH) 
>- 


CH, 


SB" 


B'(H) 


The first account of thioacetal and thioketal desulfurization was 
published in 1944 by Wolfrom, who obtained, for example, toluene and 
7i-heptane in good yields from the ethyl mercaptan derivatives of benzalde- 
hyde and heptanal or 2-heptanone, respectively.® The sequence has 
since been applied also to ct- and ^-keto esters,^*'* and 1,3-cyclobutane- 
diones;®bii3 a specific example is the synthesis of the dicarbethoxy- 
bicyclooctane LXXXIV from LXXXIII.**^ 

Hauptman*® has noted the behavior of raercaptols when heated in 
xylene with degassed Raney nickel. Those derived from benzaldehyde 
and from acetophenone yielded stilbenes. 


Ni(H) 


LXXXIV 


CO2C2H5 



CO2C2H5 


C2H5O2C 




g CO 2 C 2 H 5 


■>» Nowmau and Walboraky, J . Am. CAem. 6 'oc., 72, 4296 (1960). 

“> Herzog and iiuchman, Abalracls oj Am. Ohtm. Soc. Meeting, Chicago, Sept. 1950, p. 3lN. 
P.obortB, Moreland, and Frazer, J. Am. Chern. Soc., 75, 637 (1053). 
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c,n,cii(sn), c,n,CH=cHC,Hs 

C,HjC(SR)jCn, C,HjC(CII,)=C(CHj)C,H5 


One very interesting failure to undergo faydrogenolysia has been 
reported. The quinazolone LXXXV was found to regenerate the parent 



ketone.’^* The dithioketal LXXXVI of the yohimbine degradation 
product yohirobone was unchanged by Raney nickel in bojjjug alcohol. 



C,U,S SCjH, 


LXXXVI LXXXVIl 

However, it was subsequently shoun that desulfurization to yohimbane 
(LXXXVIl) is possible when freshly prepared W-7 Raney nickel and 
dioxane are employed.^*’ 

The conversion of the ethyl dithioketal LXXXVIIl to the octadeca- 
hydropentacene LXXXIX m 55% yield illustrates the selectivity of the 
reaction An unexpected C-ethylation occurred during desuJfunration 


C,H,8 SC,H, 


oc^co^cocco 


of isatin ethylenethioketal (XC) m ethanol solution With methyl or 
isopropyl alcohol as solvent, the yields of similar alkylated products 
Hiif.o)iins»,Gordi:vn,Ablondi, Wolf, Mid W*llwa>».-r O73 C»*m . 17. 19 (1952) 

>•< Groves and Swan, J. Chtm !»», 650 

Bapala, Lavagnino, Shepard, and Faricaa. J. Am Chem. Soc . 79, 3770 
Bailey and Msdoff. J Am C>tm.S»c. 75. •*** (lOSJJ 


(1957). 
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Nidi) 

CjHiOH 



were 16% and 32%, respectively.-- Desulfurizations of certain N-substit- 
utcd pyridazinones also have been found to follow an unpredieted course. 
Raney nickel desulfurization of the diethylmercaptol XCI in 70% ethanol 


OH 

O' 

%^^■CHX'H,C{SC,U5)XUJ 

11 

o 

.XCI 


CII,CONlICU,(CU,)X'Il3 

I ■ 

CHjCONH, 


lU'Ii 


led to 7i-butylsuccinamide. Under the same conditions, 2-Ji-butyl-6- 
hydroxy-3(2H)-pjTidazinone (XCII) formed Ji-butylsuccinamide in 82% 
yield. 

OH 

o 

'\/XCH,(CH,)XH3 

II 

o 

XCII 


A number of deoxy sugars have been synthesized by application of the 
thioketal desulfurization sequence to various monosaccharides or their 
fully acetylated derivatives. The conversion of glucose pentaacetate to 
the deoxyglucitol (XCIII) in 60% yield was one of the first examples 


CHfSCjHs), 


HCOCOCH3 

1 

CH3CO2CH 

I 

HCOCOCH, 

1 

HCOCOCH, 

I 

CH3OCOCH3 


XI(H) 
> 



HCOCOCH3 

1 

CH3CO2CH 

I 

HCOCOCH3 

1 

HCOCOCH3 

I 

CH2OCOCH3 

xcin 
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reported * A lower j’leld (20%) was obtained in the only well-defined 
application to a ketose (fructose).* 

A decisive role has been played by mercaptol desulfurization in the 
structural investigation of a number of complex natural products. Of 
particular significance is the convermon of the strychnine transformation 
product methoxymethylc^nodihydrostiychnone diethylmercaptol XCIV 
to the deoxy product XCV.*** Earlier attempts to effect the change by 



xcrv xcv 


means of a Clemmenseo reduction were attended by rearrangements, a 
result which obscured the nature of the sttychiUDe neo-bases and thereby 
stood as an obstacle m the way of final acceptance of the correct strychnine 
formula. 

One of the degradation procedures instrumental in elucidating the 
structure of the tricyclic ditarpenoid rosenonolactone involved deaulfuri* 
zation of the ethylenethioketal XCVI.'** 



An attempt to utilize the boron trifluonde procedure**^ for the prepara- 
tion of ethylenethioketals in the steroidal sapogenin series produced an 
interesting structural problem Ethanedithiol in the presence of boron 
trifluoride etherate was found to react with the spiroketal system. Exact 
knowledge of the skeletal change which bad taken place remained unknown 
until Raney nickel desulfurization of the compound subsequently shown 

in Kood«ai^aadBKam.^.Xm CXrm.Sbe. JU, 

>10 Hmrrifl, Bobertdotx. uid Whalle^,/. CJun SoCv 195B. 1799. 

|>1 Fieeer, J Am Ci^m. See . 76, I9W (1»S4>. 
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to be 5a-furostan-3^-ol acetate 26-ethylenethioketal (XCVII) provided 
6a-furostan-3/3-ol acetate, an intermediate of kno^vn structure.^"^ 

The steroid literature is replete with examples of the reaction under 
discussion. Carbonyl groups at positions 2, 3, 6, 7, 12, 16, 16, 17, and 
19 on the steroid nucleus have been converted to methylene groups; no 
desulfurization failures have been reported. 

The following experiment is one of many that demonstrate the selective 
nature of the Raney nickel desulfurization reaction. Desulfurization of 
the 12-trimethylenetluoketal XCVIII was accomplished in 86% yield by 



xcvin 

allowing the reaction to proceed for 15 minutes at room temperature. 
Extending the contact time to 6 hours raised the 3aeld to 95%.^“ 

Olefin bonds need not interfere (cf. the isolation of 4-cholestene in 92% 
yield by the desulfurization of 4-cholesten-3-one dibenzylmercaptol).'' 
However, the choice of experimental conditions is usually quite important, 
as for example in the desulfurization of cholest-l-ene 3-ethj'lenethioketal 
(XCIX). Hydrogenolysis in refluxing benzene-methyl ethyl ketone 

“» Dj<Tii.v,i. Hulfvm. Pettit, and Thomoa, Onj. Chtm., 24, 1 (IflSa). 

.\rchcr. U wU. .Martini, and Jarkroon. J. .Im. Chem. Soc.. 70, 1915 (1951). 
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solution over a 9.hour period gave a jdeld of choIest-2-ene.*^* When 
the thioketal XCIX was subjected to a 40-hour reaction period, in boiling 
dioxane, only cholestane was isolated.*** 



Treatment of the T-ketocholesterol derivative C with deutenzed Raney 
nickel resulted in the formation of 7, 7-d, -cholesterol (Cl).*** This is ono 



of several examples of the introduction of deuterium by mean* of JUfi«y 
nickel 

The action of aged nickel in reduxiug dioxane on Iho ktUJ ‘li-rivhllvo 
CII gave bydrogenolysis accompanied by oxidation at 0-I7;« 
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group by acetylation prevents this interesting side 
paction. . In a somewhat similar vein, the spirostene derivative 

e to t e C-11 ketone,^^® an intermediate in a synthetic approach to 
cortisone. 



I ^°*^^<^raions have been conducted with several triterpenoids and 

anoa ero envatives. Interestingly enough, the mono dithioketal of 
acetoxylanostendione (CIV) afforded the /^.-/-unsaturated ketone CV, 
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rather than the a,^-unsaturated ketone on desulfurization Oleanolio 
acid, after reduction to the aldehyde followed by conversion to the 
ethylenethioketal and desulfurization, gave 12,13-oleanene (CVI).’*‘ 
The ethylenethioketal CVII, a derivative of the cactus triterpene 
dumortierigenin, was also readily reduced without affecting the remaining 
portion of the molecule 



Desulfurization of thioamides can take divergent courses, depending 
upon the nature of the Raney nickel. Partial deactivation carried out in 
boiling acetone affords a reagent that will convert a thioamide to an 
aldehyde in good yield.*^* Raney nickel as ordinarily prepared, however, 


nCNHR'-i^^RCUO 

brings about replacement of tbiocarbooyl by methylene groups.*' A 
relatively large number of transformations of the latter type have been 


S 

II 

BCNR'B' 


HHH) 


BCHjNR'B' 


carried out by Kornfeld,*' who vMied considerably the nature of R, R', 
and R'. Extended heating of certain amides in ethanol with Raney nickel 
led to replacement of the N-alkyl group by an ethyl group, e g., the benzyl 

'*> Mijovif, Vosei. Heusaer, and Jeger. Nth-CSun AOa, 35. 

Vogel. Jegec, and Ruuoka. Hch. C»m Acte. U. S321 (ISSIl. 

Djeraesi. Bobmaon. and Thomaa. .T Am Se«3(lSi6}, 

•” Cconyn and Goodnch, d Am CAcn. &c . 7^ SSSS (18SS). 
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thioamide sho^vn in the accompanying formula gave a 44% yield of 
N-ethylpiperidine.2’> 


CsHjCHjCSN 



ITKH) 


C,H,OH 


> C,H,N 



In all the thiomea desulfurizations reported, formamidines have been 
the observed products.®’- Even thiosemicarhazones conform to this 
reaction pattern.^®® 


CeHsCH=NNHCSNH, CjHsCH=N — N=CTTNH. 

Among heterocyclic thioamides, study of thiohydantoins and thio- 
barhitunc acids has received major emphasis. Glenerally, desulfurization 
in ethanol solution (2—5 hours at reflux) results in replacement of sulfur 
hydrogen. The desulfurization of 5,5-diphenyl-2-thiohydantoin 
and 5-ethyl-5-phenyl-2-thiobarbituric acid (CIX)^ may be 
considered illustrative. 



(C,Hs)jj ^NH 

H 


cvin 


64 - 85 % 




CIX 


Several experimental variations have been reported, the results of 
whieh provide a more comprehensive picture of the normal desulfurization 
process. Addition of sodium ethoxide to an ethanol solution of the 


CVIII 


Xi(H) 
> 



Ui 

ISS 

XM 

1X7 

XU 


Brown, J. ApplUd CJum. (London), 2, 202 (1952). 

Hoggarth, J . Chtm. Soc., 1951, 2202. 

Ca^gton, Vasey, and Waring. J. Chtm. Soc^ 1353, 3103 
Behringer ^d Schmeidl, Chtm. Btr.. 90, 2510 ( 1957 ). 

Boon, Carrington, Greenhalgh. and Vasey, J. Chcm.. Soc.. 1954, 3263. 
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tJuohydantoin CVIII apparently a]low» the tautomeric tluol form to 
undergo desulfurization without further reduction.*** The same result 
may be achieved by using a limited quantity of catalyst.**® With a 
30-minute reflux penod and a 1:5 ratio by weight of thioamide CVIII to 
Raney nickel, approximately equal amounts of 5,5-diphenyl-4-imidazO' 
lidone (CX) and di-2-(4,4-diphenyl-5-oxo-2-iialdazo]iny]) sulfide (CXI) 
were formed. A small quantity of 5,5-diphenyl-2-hydroxy-4-imidazo- 
hdone (CXII) was also isolated.*** Upon further treatment (2 hours in 




boiling ethanol) with Raney nickel, the hydroxyl compound CXII is 
reduced to the imidazolidone CX in quantitative yield.*** The tendency 
to form 2-hydroxy derivatives analogous to CXIII becomes quite evident 
with the cyclohexyl derivative CXIV.'** The tetrasubstituted thio- 



CXIV exm (55*) 


hydantom CXV, in ethanol solution, has been found to yield a 2-ethoxy 
derivative Substitution of methanol, l-propanol, or cyclohexane for 



Jllvn- Ja^s,, At M J/tV.WUUiih 

>» Stan«k »nd SldJo, CA<m Lwlf. <7, SS (ISSS) (C.A . 4S. 3S6T(iesl)J 
>•> Whsllrv, Andereon. DuGan, end inijrot, J. An CUn, Soc.. 77, 745 <1955). 
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ethanol produced the 2-hydroxy derivative.^®® However, it was possible 
to prepare a series of 2.alkoxy. derivatives (e.g., CXVI) of the thio- 


O 


CIX- 


Ni(E) 


CH,(CH,),CH,OH 


(C.H5),r^NH 




N' 

H 


'00Hj(0H2),CH3 


CXVI 

barbituric acid CIX by limiting the reaction period to 30 minutes. 
Quantitative reduction to the normal desulfurization product resulted 
from further treatment with Raney nickel.i« Formation of hydroxy and 
a^oxy intermediates such as CXII and CXVI has been attributed to one 
of two possible mechanistic routes (cf. CXVII and CXVIII where Y equals 
the remaining portion of the ring).iii 



cxvm 


esulfunzation of 5-mono8ub8tituted-2-thiobarbituric acids leads to the 
conclusion that these compounds are perhaps better represented as 
reacting through a tautomeric 2-pyrimidinethiol structure (cf. CXIX) 
smce the product is invariably a 4,6-dihydroxypyrimidine.i" 



OH OH 

C,H3CH3j^==^N .vi(H) C.HsCHjI^^^' 


A series of 5-alkylidene. and 5-benzylidene-2-thiohydantoins, such as 
snlfiii^V ound to yield a-formylamino acid amides when de- 

a ion 18 earned out in aqueous tetrahydrofuran. The reaction 
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NHCHO 



H H H 

cxx 


should find practical appUcatioo as a route to a-amino acids.i” De- 
sulfurization of 3,4,5-triphenyloxa£ole-2-thione (CXXI)“* in ethanol 
apparently proceeds by a similar mechanistic pathway 


H.C,n NC.IL 


C,U,CHN(C,Hs)CHO 

I 

C,U»C!=0 




Thiol Esters 

^Vhen the reductive desulfurization of a thiol ester is considered only 
in terms of bond cleavage between the sulfur atom and the alkyl or aryl, 
rather than the carbonyl, carbon atom, no particular problem anses 
simple hydrogen-carbon bond formation occurs as In the numerous cases 
already cited, Cysteine and alanine have been interrelated stereo- 

O 

n— 8— c— R' R— H 


chemically by carrying out a desulfurization on the S-benzoyl-N-phthaloyl 
N(CO),C,H« N(CO),C,ir, 

C,II,COSCH,CHCO,H .^il5^CH,CHCO,H 
CXXII 

derivative CXXII of the fonner.**® Hie oouversion of the acetate- 
thioacetate CXXIII to the expected raonohydric alcohol CXXIV is 


a H^OCH, in(H) 
UjOCOCII, 




representative of a number of dosely related transformations in 
cyclohexane senes 

«• Compure rel' <3T 


Haggis and Owen. *r Ch^m 


r , 1952, 2447 
1953,408 


the 
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The consequences of limiting the supply of available hydrogen during 
desulfurization of thiol esters have been explored.'^ The reaction 

C'eH.COSCeHj C„HoC,Hs + OoHsSCeHs 

CXXY 37-58»i lS-70% 

between phenyl thiobenzoate (CXXV) and degassed (200°) Raney nickel, 
at either 180° or 220° in xylene solution, provides an example. 

Cleavage of the sulfur- carbonyl carbon bond produces either an 
aldehyde, which can be considered the primary hydrogenolysis product, 

O 

II 

O H— C— R' 

II 

R— S— C— R' 

HOCH-— B' 

or an alcohol resulting from further reduction. Instances of the con- 
trolled cleavage were reported first by Wolfrom, who transformed ethyl 
thiobenzoate and ethyl thiopropionate into benzaldehyde and propion- 
aldehyde, respectively, in good yield, but did not define exactly the nature 
of the nickel used.^'*® Somewhat later, Spero, McIntosh, and Levin^^’ 
noted that the character of the reagent was of importance and demon- 
strated that good yields of aldehydes, such as the diform oxyoholanal 
CXXVI, could be obtained provided the nickel was first ‘partially de- 
activated by heating briefly in boiling acetone; failure to observe this 


XKU) 

> 

CXXVI 

expedient usually resulted in reduction to the alcohol. Aldehyde forma- 
tion by this process has been successful mth a number of other steroids. 
In addition, succinaldehyde'^® and 2,2-dimethyl-3-carbomethoxycyclo- 
propanecarboxaldehyde'^® have been obtained by using this technique.^*®' 

*** Moscttjg. in Adanw, Onjanic Reactions, Vol. VIII, p. 229, Wiley, New York. 1954. 

Wolfrom and Karabinos, J. Am. Chem. Noe., 68, 724, 1455 (1946). 

I” Spero, ^tcTntoah, and Levin, J. Am. Chem. Noc., 70, 1907 (1948). 

*** King, Hofmann, and McMillan, J". Orj. Chem., 16, 1100 (1951). 

Harper and Reed, J. Sci. Food Agr., 2, 414 (1951) [C.A., 46, 9066 (1952)]. 

>*** Ref, 441 describes an improved procedure. 
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However, the pipendyl thiopfopionate CXXVII has been reported only 
to cyclize to the lactam under desnlfunzation conditions,'*® and 3,4,5- 
trimethoxybenzaldehyde apparently cannot be obtained from thiol esters 
of 0-trimethylgallic acid. 

0- ,CH,co.sc;ai 

H 

CXXVII 

A novel observation is the production of 1-indsnone (CXXVIll) 
from l,2-dihydro-l-keto-2-thianaphthalcne (CXXIX) *** It has been 

0 O 

CXXIX CXXX CXXVIll 

siiggested'*' that the initial product is o-vinylbeotaldebyde (CXXX), 
^hioh is known to cyclize to 1-indanone. 

Just as the method described above constitutes a means of trans- 
forming an acid into the corresponding aldehyde, desulfurization of a thiol 
ester by ordinary (not acetone-deactivated) nickel allows the selective, 
over-all reduction of an acid to an alcohol. Various simple thiol esters, 
such as benzyl thio benzoate or methyl thiopalinitate, yielded the expected 
alcohols,'’* beyond that, one carboxyl of a dibasic acid, eg., adipic 
acid,'®* can be reduced to carbmol by carrying out the desulfurization on 
a monothiol ester. Alanine has been reduced via the methyJ thfoester to 
optically active S-aminopnqianol.'** An illustration of reduction 
as a side reaction is one involving the nitro group in benzyl 3-nitro-2- 
methylthiobenzoate (CXXXI).*^ 



CXXXl CXXXII 


Frank, Fanta. and TarbolL J -S>" Cite" ^ **'* (1S»8). 

**“• Cook Dickson. Jack, London. McKaown, McViUan. and Williamson. J Chen Sue.. 
139 ’ 

*"' XliiSsmaj) ann'AV.'iSoilfi Slim Jln-rMBZ dS 
“‘Moaineo US pat 2 457 . 39 *. IMS [OX 3446 (1»49|I 
Jsger. Noryro'bcMk., Sapilfogel. «mI Fndog. Chen Ac 


cue. 29. 


(1946) 
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A number of thiol esters of steroids have been converted to primary 
alcohols.'®^ Double bonds and carboxylic ester functions usually remain 
undisturbed. However, interaction of a carbomethyoxi group is illustrated 
in the desulfurization of the etiobilienic thiol ester CXXXIII, which led to 
the (5-lactone CXXXIV.^®^’ The transformation of benzyl 12,13-oleanen- 



30-thiolate (CXXXV) into the oleanenol CXXXVfi” is one of a number of 
cases reported in the terpene field. 




CXXXVJ 


Isothiouronium Salts 

xMthough the fate of the thiourea portion of an isothiouronium salt 
during desulfurization ha-s not been reported, the alkyl group attached 
to sulfur is hydrogenolyzcd. The .salt obtained by treatment of 1,8- 
di(bromornethyl)anthraccne with thiourea was transformed in good yield 

^NH^SQsOjCcHiCHa-p 
\ .VUH) 

NHj 




cx.xx\a: 
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, I .» IM laubornvl Isothiouroniutn p-tolucne- 

Thiophene* and Thlaxolcs 

of .uffu, in nn itTo 

gcnoljUf. lTchm.»«r> e^ulmro of wLne and 

whrn llougauU'" n-l-irtcd l “■ The draulfunwtion of 

difTicuUly actcwihle long-chain a 1 oUurcroupof compounds 

onthedcsuiruneat.onofthiophcn«thanof*«>^o';‘^ 

XoUhle U the n-cent «ofk of Uv carlv lOl)*’ 

Coldfarb «.‘MU-uu .nd Wynt^ . ^ 

dcaulfuniAtion of approximately IW thiopncm 

- tw,.uu. f-v. .u,^u ”” 

•♦' lUJ^^r, •/ •''• • '." J' ._ j Sf, . I»i7, 4*15 

»• llttlxri, IV-tf. j 0A»-..5*f . 1M». **0 

'« ho'.st.ko. j'cium 5or.l»S4. «>«9 

■■ iiuull<.i.ay.»'>JX'“’''<'>^^ 

•" iiuu lloi. «y. •fxi X**-"*- 19». '»»* 

>•• HuullotSy. 7S.««J(U«) 

••• »uu lIoU »y. •■'■» . 19M. l»7» 

.- 8y. Ilu.. Hvy 4.l‘l „^.m. •«» **»«' 

n. 8y. Huu Hoi, .nU Xoc.frC^^ .„... 


8y. Ilo.. Hoi. *...! nU (l»MI 

"oSn.o n-*..- 

°>™"" rrz.' - ■“ “ 


***’' . ,L. ..mov*. ■**^ *''*'' 

l-dturb nticl Ibrtgin’"'-- 


s«.. U3. BM (issr) ICA..S 
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Raney nickel liydrogenoly.si.s of thiophene h vdrocarbon.-i (CXXX V'lII) 
acetals (CXXXIX).- alcohols (CXL),i^^’ ketones (CXLI),>^« acids 


L J— tJRj— C, J— cii.— 


OX.XXVllI 




II II -■'■iin) 

J'CIKOC.II,), CII,(Cll,),ClI(OC.IIj), 

o 


cxxxix 



XCH, 


O. 


's 

CXL 


CEECItjOII 



.(CH2)3C0 

s s; 

■COCCHalg' 

cxu 


xcu5(cix.)jCir.oii 

iO",', 

O 


Ni(H) 


(CHj), 


13 JP^2^13 

c — 


Ipecial^difficulty. 

thioTDhenp Hp-nif * 4-* * ^ o^'^cn represent the normal path of 

thiophene desulfurization and emphasize several practical applications. 


217 [c.a., 51, 10174 (185^')”"'"’°'” OldeJ. Khim. Xauk-. 1957. 

sirouos^r 96. 28:. ,18.71, fC-..l.. 49. 

1262 [(7.A., 52, 6310 (1958)]!^*^' '* -Had. Xauk Oldtl. Khim. .V«ul-. 1957, 

128, 86 (1939) [C.a., 5^*2^872 Shalaviim. DoUadu Akad. .\auk S.SS.R.. 

121 [C.A., 53, 16103^m^"’‘"°'’ ■9-^-9-K-. Oldtl. Khim. Xauk, 1959. 

»•“ Gol'dfarb and K^iova‘^|^|“o"“' 29, 891 (1959). 

Gol'dfarb. Talta and Telit - Vf * 

Gol’dfarb, FabrichnjT and Sh 1 ’ 29. 3561 (1959). 

Wynberg and LogotLtia !/ T’’' ”*'*'*“ 29. 3636 (1939). 

Wjmberg. Logothetia, and Vt-r PIoe^T X’’ Ch’ 

T: Gb^“'“T 69!’«9 

Grey. JIcGhie, and Ross, J. Chtm. Soc., I960, 1502. 
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— IIO^(CH»)4C(Cn,),(CH,)iCO,H 


h.cQ. 


.CII(NlI,lCO,n CH,(CII,l»CII(CIl8CII,)CniNU,)C0,H 


h.. recently 

kbeled-> cerbcylie eeid. by .nbjeelmg the 
d.d„«yetoB...y„eb.«— 

“ScXLirT-tfUumlJ.^^^ 

provides an example- 


C1I,(C1I,),CU(CII,)CH,‘ 


,1L. Jcii.i 


,(C1I|)|C0,H 

CII,(CU,t,CU(CII,)CH,CT,(CHT).CT, 


. c ,-moval of sulfur is usually accompanied by 
As illustrated above, ‘ Unsaturation in an adjacent 

saturation of the . retained. One exception to the latter 

benzenoid system IS almoj to 

gencraliaalion involved « ^ presumably CXLVI.” Limited 

an octahydro-l-phenylphenant^e J 

amounts of Raney nickel have been u 


C5LV 

1 nt affecting the thiophene nucleus. Only a few 

nitro groups"®' ^7^“° _t,o„werereported,andtwoDfthesemvolved 

isolated failures of desulionz* 

„«J.M7.SS4(IB58J 

>•« Bau Hoi ond Xuong. Soc. 78. Sl« (1S56) 

■ Mortm Smith i.od Soc- 78. *«« 

.« Gilman end Wador^-^ S<.c-78.S»SI (1B56) 
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a 1 -substituted dibenzothiophene (e.g., CXLVII).!'*-. ^93 trisub- 

stituted 2,5-di-<-butyl-3-acetylthiophene (CXLVIII) also resisted 
desulfurization.^^ 



CH, 



,COCH, 


1 11 

Jc(C 


cxLvn 


(CH3)3C>\ ^'C(CH3)3 

o 


CXLVIU 


Reduetions of olefin (CXLIX),»3 aldehyde (CL),^^ and oxime (CLI)i« 
groups are predictable side reactions. Carbon-halogen bond hydro- 


CeHsCH, 




XI(H) 


C(CeH.)CO..H ^ C„H3(CH3).CH(C„H5)C0,H 


CXLIX 


(CH3)3C^^^C(CH3)3 
CL 


— nCHO Midi) 

JaCVTA. ^ <*^’Sa)3C(C'Hj)3CH(CH„OH)CH3C(CH3)3 


53% 


L Jc(=NOH)CO,H CH3(CH3)3CH(NH3)C05H 
s 


CLI 


genolysis (cf. CLII)i64 is usually observed, and, in a few instances, 
Ketone to alcohol reductions have occurred.^’**^^^, i87a,i95 

Brl^ ^COiCHal.CO^H ^ ^I^3(CH2)3C0(CH3)2C02H 


CLII 


»>SO/ 
••«> /o 


The yield and type of reaction product encountered may be markedly 
ii^uenced by the choice of experimental conditions. Desulfurization 
of thiophene carboxylic acid derivatives such as y-(2,5-dimethyl-3-thienyl) 
butyric acid (CLIII).i«3 p^u.^eds in highest yield, in baL aqueous 


CH 


o 


iCHjlCHjijCOjH xi{H) 


'CH, 


CLIIl 


> CHjiCHjiaCHiCjHsiiCHjiaCOaH 

CLIV 93”; 


Krubor and Raeithel, Chem. Ser., 87, 1469 (1954) 
Carruthors, Nature, 170, 790 (1965). 

W J- Am. Chem. Soc.. 75, 2947 (1953). 

Wynberg and Bantjea, J. .4m. Chem. Soc.. 82. 1447 (1960). 



DESULFUKIZATION WITH RANEY NICKEL 


397 


solution. Only a 41% conver^n to the saturated acid CLIV was 
realized when an organic solvent was used. 

Although the thiophene CLV afforded bibenzyl when desulfurized in 
methanol, 1, 2, 3, 4-tetraphcnylcyclobutuie resulted when the reaction was 
carried out in ethanol.” The latter product apparently arises by coupling 
two bibenzyl diradicals. 



CIV 

A deactivated catalyst leads to increased production of dimeric product. 
Desulfurization of 2-bcnioylthiophcne (CLVI) with a deactivated W-7 
Raney nickel in methanol illustrates this side reaction 


Qcoc.a. 


CH,{CU,),COC,H, + C*U,CO(CH,),COC,Ht 
0 8-»4% 


In every case studied, recombination of radicals has involved union at 
the unsubstituted terminal carbon of the thiophene ring, w'hiJe 3,&- 
diaubstituted thiophenes fait to yield dunenc products In view of these 
observations, Badger has suggested that the desulfurization mechanism 
involves a 2,5-diradical (i e., CLVII). Since steric hindrance by the B 


RC^^CH— CH=>cn- 

CLVII 


group would be relatively unimportant ui solution, the diradical probably 
undergoes dimerization while still adsorbed on the catalyst surface.”. 

The greater resistance to desulfurization encountered with thiazoles 
has been attributed to competition between sulfur and nitrogen for the 
catalyst surface.** 

The nature of the products denved from thiazoles appears to depend 
on the experimental conditions For example, 2-amino-4-phenylthiazole 
(CLVIll) gave acetophenone as the mam product,** whereas 2-amino-4- 
hydroxytfaiazole iCLIX) yielded either acetamide** or its N-formyl 




CLVlU 


HOj N nocat 


•OO.CONH, 
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derivative. If a hydroxyl group is interposed between the thiazole 
nitrogen and sulfur, and an amino group is attached in the 5 position, a 
rearrangement to a 2-hydroxyimidazole {e.g., CLX) takes place.^^® It 


HsC’ejj N Xi(H) 



CLX 


is elaimed that the dibromothiazole CLXI on attempted desulfurization 
underwent only hydrogenolysis of halogen at the 2 position.^®^ A careful 


Bra ^N 

CH3CONH I jBr 

s 

CLXI 


study of the desulfurization reaction with 2-amino-4-phenylthiazole 
(CLXII) and several related compounds, employing W-6 (neutral) or W-7 



C8H5COOH3 + C.HsCHlNHjlCHa + CHjNHj + NH, 


CLxn 


(alkaline) Raney nickel, has indicated that two competitive mechanisms 
are operative.^^’^*'' For example, CLXII yielded both acetophenone and 
a-phenylethylamine. 


Sulfoxides 

Sulfoxides can be desulfurized successfully by Raney nickel. Instances 
in the literature are few, although only one unsuccessful attempt has been 
reported.^”^ Diphenyl sulfoxide is hydrogenolyzed to benzene in good 
yield;’’ n-propyl 2-hydroxy-2-phenylethyI sulfoxide is converted to the 
expected 1-phenylethanol along with some acetophenone,’®® The latter 
possibly arises from a nickel- catalyzed hydrogenation-dehydrogenation 
equilibrium. 

The sulfoxide group can be removed selectively from the andro-stene 
and pregnene derivatives CLXIII and CLXIV,’®’ leaving the double bonds 
and the carbonyl group intact. Of especial interest is the role that 


Cook, Heilbron, and Hunter, J. Chem, Soc,, 1049, 1443. 

Prijs, Mengtsen, Fallab, and Erlenmeycr, Help. Chim. Acta, 35, 187 (1952). 
Mozingo, U.S. pat. 2,371,641, 1945 39, 4618 (1945)]. 

Kharosch, Nudenburg, and Mantell* J. Org. Chem,, 16, 524 (1951). 
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Sulfoncs 

. .„mDk.-.ofsulfo..oJ«ulfuri»tionappc«inginthe 

Among j,phc„jl .nlfone to bcMene.».«« 

litcraturp arc the trftn'fori .K.uminol-n-butjl aulfone to 1,1- 
tthjl i.»*d*I>htm>l-3-(N J thwnaphtheno sulfone dimer to 

diphe»jl-3.dimcthjU.n»nobuU^.^ yeh 

cthylbcnicne »* ^ roonosaccharido derivative CLXVII is 

has not l>ccn idciitihcd saturation on attempted dcsulfunsa- 

reported to undergo only o « has been found to resist 

tion>« Tetrahjdrothiapjran 

dcsulfuriralion. 


CLXVl 

/•» M AlU. al. tot’ ft*4S) 

.« Sihcnid .I>d IMICA . 39. Mt* <*»«»• 

m, Mot.ng<..U9 I>»t Cfc» S« . 70. 3»‘8 (1»«) 

p«‘«' “IT ** • ’*• “®“' 
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Xita^ 


It has been claimed that hydrogenolysa of aryl gulfoiuo esters does not 
proceed by desulfuriaatwn but rather by formation of a ' 

Consequently the two preceding examples (CLXVIII an 
simply ijiTolve hydrolysis and hydiogenolysis, respec ive y, 
cleavage of the C — S bond. , „ , ,..nnnA 

Initial experiments have indicated that beniylsu onami 
particularly well to desulfumation. while 

probably require more vigorous conditions than those it “ ® ^ 

mvohbg th. lUn.y mi.l 

of N..lkyl .Iharln d.rlv.tive, (. g., CLXX) that 
to bentamides is easily accomplished in boiling etbano . 


saccharin U readily alkylated by nocmally a mild 

pound8,*».‘n desulfurization ofthe product, in pnncip -P 

procedure for conversion of alkyl halides to benzamides, ammes. . 
example, amino acids. 

Miscellaneous ^ 

Among the various examples de^Wurization, 

the previously discussed types but f4.tntoacyclopentane,«‘ 

are those falling in the tMocyanate, . • 

Id “flLnsss) 

•" fuitrc* Sri; » iS: Sii »» 

C«mp.,gne and Re.d, J 'org CS«m . IS. SOT (1»47) 
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H 
CLXXVI 


H 

33% 


An early degradative technique applied to the antibiotic gliotoxin^^’ 
was disruption of the disulfide hnkage by the use of aluminum. Selective 
desulfurizations have been accomplished by zinc dust and hydrochloric 
acid as well as with iron powder in an alkaline medium: the trithioacid 
anhydride CLXXVII was transformed into the thiapyranone CLXXVIII 


O O 



CLXXVII CLXXVIII 

by zinc and acid , 228 and the 2-thiolthiazole CLXXIX was converted to the 
parent CLXXX by iron and alkati .229 arming a mixture of the thioether 



CLXXIX CLXXX 

CLXXXI and zinc amalgam in a mixture of acetic and hydrochloric acid 
afforded a 91% yield of sulfur-free product. Reductive cleavage of a 



CHgCOCCHalijCOCHa 


CLXXXI 


carbon sulfur bond at position 2 or 3 in 1,4-naphthoquinones has been 

own to occur in a boiling solution of stannous chloride in hydrochloric 
and acetic acids .220 


227 

229 

229 

220 


JoWn and Buchanan, J. Am. Chem. Soc.. 75. 2103 (1953). 
Sohonberg and Asker, J. Chem. Soc.. 1948, 604. 

Blomquist and Diuguid, J. Org. Chem., 12, 718 (1947) 

Bruce and Thomson, J. Chem. Soc., 1954, 1428. 
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Selenium dioside^’i has been used to replace a thiol group by hydroxyl 
Diphenylsilane has been shown to displace sulfur from certain aromatic 
systems (e g., CLXXXII — *-CLXXXIII) *** 



(C.Us). 

CLXXXII CLXXXIII 


Oxidizing zgenl. .«ch Mine .cid” and hytogni P' 
been ui.d ta the des«lf»nz.Uon ot v.riou. heletoiyolei mdutog 
pyii»idine.2.tb.ol. .nd U»»ol.-2-th.oU, to th. P>™1 a™*"' 

'T^'oxido h.i b„„ uini faquonlly for “**; 

Meioorio lulfl..- bthiom 

copper .lommom bromide, .nd org.noblhium compound h.re .bo b^n 
need to remove eoltim fro. v.ri... org.mo oomynn d..- ^ M ercmtc 
chloride h.. been found to tegcner.1. ketone, from hem.lh.okel.I. (e g , 



UOCHiCHiSngCl 


1 • of mcrourio chloride .ndc.dm.umc»bon.te 

CLXXXIV),“.nd. mixture o^^ CLXXXV) form.t.oi..”' '” 

h.. been ntibted “■ high-pre-ure hydrogenation m the 

Thiophene, may be denilfunz^ 3^ 

prcence of a tnng.t.n-nickel anliid. oatalyt- 

...V, o.n 

... *- ■ ^ ”■ a f 

... Buehe..., m.™., ..e HI. I*e (i«ri 

Tr»v»gU. Oazi fAt" • 470(I»S*1 

•« Riecl »nd MQller. CA""- _ igip (ISSS) 

« C«m *nd cordon. J Arz 1958 . 63i 

« S.nn,«. Noua.l^^.^o^d^P^ ^ C*«. • *2. ''®*” 
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In two exceptional cases, desulfurization occurred in boiling piperidine 
(CLXXXVI -> CLXXXVII)“« and during the chromatography of 
certain azothiobenzenes on alumina.^^^ 


(CH3S02)2C{SCH3)N==NCaH5 (CH3802)2CHN=N06H5 
CLXXXVI CLXXXVII 

Triethyl phosphite has recently been introduced as a desulfurization 
reagent.^^^"^^® The stereoselective removal of sulfur from thiiranes (e.g., 
CLXXXVIII) is indicative of the potential value of this reagent.^'*® 


CH, 


CH3 CH, 

(C,HsO),l* 


CH3 


H S H 

CLXXXVIII 


> C=c + (CjHsOlaPS 

/ \ 

H H 


Another new desulfurization procedure involves the use of hydrazine and 
potassium hydroxide. The experimental procedure is reminiscent of the 
Wolff-Kishner reduction.'^®’ Wolff-Kishner reduction of the lanostane 
derivative CLXXXIX using vigorous conditions also resulted in 
desulfurization.^®® (Equation on p. 407.) 


EXPERIMENTAL CONDITIONS 

Raney Nickel. The Raney nickel catalysts have been designated W-1, 
W-2, W-3, W-4, W-5, W-6, and W-7 according to the procedure employed 
for their preparation.®®® Although the W'2 catalyst has been extensively 
used in desulfurization studies, the W-4 and W-7 catalysts appear to be 


*** Backer, liec. trav. chim., 70, 892 (1951). 

*** Lcandri and Rebora, Oazz. chim. Ual., 87, 503 (1057). 

Hoffman, Efl.s, Simmons, and Hanzel, J. Am. Chem. Soc., 78, 6414 (1966). 
Davis, J. Org. Chem., 23, 1767 (1958). 

*‘5 Schuutz and Jacobs, J. Org. Chem., 23, 1700 (1958). 

Neurciter and Bordwcll, J. Am. Chem. Soc., 81, 578 (1959). 

Georgian, Harrison, and Gubisch, J. Am. Chem. Soc., 81, 5834 (1959). 

*** G. R. Pettit and W. J. Bowyer. Unpublished experiment. 

Billica and Adkins, Org. Syntheses Coll. Vol. 3, 176 (1965). 
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superior. Many examples of dcsulfunsation have been reported in which 
the catalyst is generated in situ from nickel aluminum alloy.^’-** 
Decomposition of Raney nickel alloy by strong base appears to constitute 



the most powerful desulfurizing conditions known, since only by means 
of this method can sulfonic acids be cleaved Unfortunately, many 
authors have not designated the particular type of nickel used, and, 
therefore, generalizations are difficult to formulate. 

The diiTerent modificationa of Raney nickel vary in the amount of 
hydrogen absorbed For example, if a temperature of 80° is attained in 
the preparation, the nickel contains 40-42 ml. of hydrogen per gram; 
if the temperature is maintained at 50°. 1 g. of the product contains about 
120 ml. of hydrogen,’ The quantity of hydrogen adsorbed becomes of 
considerable importance if the nickel is heated to 100-200" before the 
desulfurization. As Hauptman has shown, partial desulfurization or 
desulfurization without hydrogenolysis is the usual course of reaction 
with “kydrogsn-poor’’ or “hydrogc/J-free" nickel.”'’* JSadger” has 
described the preparation of a partially degassed W-7 Raney nickel 
catalyst Depending on conditions, the degassing process may be 
attended by an explosion hazard 

In the usual case, the Raney nickel reagent is used in large excess by 
weight (at least ten times the weight of the sulfur compound) and is 
added as a suspension to a solution of the substance to be desulfurized. 
The quantity of nickel is best measured by weighing the nickel-aluminum 
alloy before preparing tlie nickel by treatment with base, or by mcaguring 
the nickel suspension by volume. For reproducible results, the nickel 
should be prepared on the order of hours or days before use ; aging of the 
reagent for some weeks or months is attended by a noticeable deactivation. 

Controlled hydrogenolysis of Diiol esters and tluoamides to produce 
aldehydes is oidinsriiy accomplidied by subjecting a suspension of Uie 

•« Saase, J Chem Soc.. 1958. 9CI«« 
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desired amount of nickel to the action of boiling acetone for a short time 
(usually about an hour or two) before adding the substance to be 
desulfurized. Apparently this treatment with acetone, a hj'drogen 
acceptor, destroys most of the active centers on the nickel surface, 
producing a reagent more selective in its action. This treatment also 
seems to aid in preserving olefinic bonds'®” or carbonyl groups^^ which 
otherwise are reduced. 

Occasionally workers have observed that strong adsorption of the 
desulfurized material on the nickel results in a poor recovery under the 
usual conditions of isolation. The difficulty has been surmounted bj’ 
removing the product from the nickel with a suitable solvent in a Soxhlet 
extractor,-®' or by dissolving the nickel in a mineral acid.'“*-®- 

Solvent. In general, solvent effects have seldom been noted. Neutral 
solvents such as water, methanol, ethanol, and dioxane are commonly 
used. Solvents which have been used less frequently Include acetone,-® 
benzene,'®' butanol,'®'®® decalin,®®' dimethylformamide,®® ethylene 
glycol,®®® ethyl acetate,®® methyl ethyl ketone,'® mesitylene,®® methyl 
Cellosolve,®® Phillips 66, Soltrol 170,®®' tetrahydrofuran,'®' toluene,'®® and 
xylene.®®'" Occasionally, acetone'® and low-boiling alcohols®®'®® prove 
ineffective as solvents. Desulfurization of thiols can be carried out in 
aqueous ammonia,"'®®® while certain acids can be reduced conveniently 
in aqueous potassium carbonate,®®® sodium carbonate,'®®''®” sodium 
bicarbonate,®®® or sodium hydroxide."®' ®®®'®®” 

Because of explosion hazard, dioxane must not be used uith Raney 
nickel above 210°.®®' Pyridine has been found to yield 2,2'-dip3Tidyl 
when employed as a solvent with Raney nickel, ®®®'®®'“'®®® while alcohols, 
ethanol in particular, may lead to N-alkylated products during desulfuri- 
zation of amines.'®'®®'®' An example of base-catalj’zed C-alkylation bj' 
alcohols has recently been reported during desulfurization.®® 

The reaction mixture may be stirred, but this is usually not necessary 
if it is boiled under reflux. However, reactions employing large amounts 
of nickel (>25-50 g.) should be stirred. 

Modest and Szmuszkobicz, J. Am. Chem. Soc.f 72, 577 (1950). 

Bernstein and Dorfmann, J. Am. Chem. Soc., 68, 1152 (19-16). 

Berson and Jones. J. Am. Chem. Soc., 78, 6045 (1956). 

Grundn^ann and Kober, J. Org. Chem,, 21, 641 (1956). 

Banfield, Davies, Gamble, and Middleton. J. Chem. Soc., 1956, 4791. 

Falco and Hitchings, J. Am. Chem. Soc., 78, 3143 (1956). 

Pettersson, Arkiv Kemi, 7, No. 5. 39 (1954) [C.A., 49, 6219 (1955)]. 

“9 Sice, J. Am. Chem. Soc., 75. 3697 (1953). 

*59 Hansen, Acta Chem. Scand., 8, 695 (1954). 

2 W Gundermann and Thomas, Chem. Ber., 91, 1330 (1958). 

Mozingo, Org. Syntheses Coll. Vol. 3, 181 (1955). 

Badger and Basse, J. Chem. Soc., 1956, 616, 

Badger, Jackson, and Basse, J. Chem. Soc., 1960, 4438. 
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ledaced pressure, (» s"''””” ** ^ 
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grama of 2-mercapto 4 hy ^ i ft L of 95% ethanol and 150 ml of 
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18-20 g of Raney nickel cataly , catalyst was then removed by 

reflux for 6 hours on a steam cf boding 95% ethanol. The 

filtration and extracted reduced pressure on a steam 

combined filtrates were evapw sj-j^^ j^ct solution was adjusted 

bath until the volume was abo tc cool. The crude yield of 

to pH 5 with dilute acetic “*^^248°. Reciystallization from ethanol- 
white needles was 4 4 g., ro-p. oaS-ZSO" 

water raised the from the 3-Benzylthio Enol Ether of 
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T:.7“ “rh»t.dlto'’rrilu« for 1 hour. 3 0 g. of ft. S-b.nrylfti. .nol 
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Desulfurization of Spiro-(5-dlphenylniethyl-l,3-oxathiolane-2,3'- 
cboIestane).«< Twenty grams of W'2 Raney nickel catalyst. 3 days old, 
was refluxed wtth stirring for I hour with 250 ml of methyl ethyl ketone, 
2 0g. of the hemithioketal isomer A (m.p 193-194°) was added and 
refluxing was continued with stining for 24 hours {When the reaction 
was carried out in acetone solution, up to 80% of the bemilhioketa] was 
recovered ) 

Thecatalyat was separated on a filter, the solvent was removed, and the 
residue was chromatographed in 3fi fractions over 30 g. of Jlerck acid- 
washc-d alumina. The first 23 fractions, eluted with petroleum ether, 
furnished 975 mg. (78%) of cholestan*3-one, m p 126-127°, while from 
the petroleum ether-benzene (1:1) eluatcs 20 mg. (2%) of choIestan-S^-oI, 
in p. 138-139°, was obtained. The last 6 fractions, eluted with benzene, 
were combined and treated in pyndine solution with 3,5-dmitrobcnzoyl 
chlonde in the usual fashion. CrjsUlUzation from hexane gave 676 mg 
(52%) of the 3,5-dinitrohenzoate of (-t-)l,l-diphenylpropan-2-ol as 
needles, m p, 164 5-155°, [«J^ -46 1° (CHCl,) 

Desulfurization of 1 Og of the henuthioketai isomer C {mp. 152-153°), 
under precisely the same conditions, yielded 80% of cholestan-3-one and 
57% of the 3.5-dinitrobenzo«te of (— )l.liliphenylpropan-2-ol, m.p 
1645-155°, +44* (r*1.7%, ehJorofoms) Admixture with the 

above antipode lOHered the melting point to 129-130°. which corresponds 
to the melting point of the racemic denrative which had been prepared 
independentiy 

Desulfurization of Y-2-Ttileoyll>ut>'nc Acid.’* The W-7 Raney 
nickel catalyst from 125 g of alloy was added ui one portion to 300 ml. of 
an aqueous solution of 20 g of y-2-thienylbuty'itc acid ui dilute sodium 
carbonate solution After 2 hours’ stunng at 90-95° in an open beaker, 
the volume was 190 ml The mixture was added slowly to excess hydro- 
chloric acid (condenser), and the resulting solution was contumousJy 
extracted with ether Distillation of the product gave (a) II 5 g. of 
n-octanoic acid, b.p 165-170722 mm (p-btomophenacyl ester, m p 67°) , 

(6) 3g of j>-2-thienylbutyTJc acid, bp. 127-ISO''/0 6 mm (p-bromo- 
phenacyl ester, m p. 66 5-57 5°), and {«) 1 g. of residue. The residue was 
taken up in aqueous sodium carbonate, treated with charcoal, reprecipi- 
tated, recrystalhzed from ethCT, sublimed at at 200723 mm , and re- 
crystallized from concentrated nitric add TTiis furnished 0.05 g. of 
hexadecaiie-l,16-dioic acid as plates, m p. 123-124°. 

Hydrogenolysis of 5-r-ButyI-2'thenoic Acid.i™ To a well-stirred 
solution of 12 g of the thenoic acid in 100 mi of 10% aqueous sodium 
hydroxide heated at 90°, 100 g- of Raney nickel was added in small 
portions (with a few drops of isoamyl ^cohol to prevent excessive frothing). 
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The mixture was then heated for 2 hours, filtered while hot, and the 
cooled filtrate was acidified ■with hydrochloric acid. The product was 
extracted mth ether and purified by vacuum distillation. The 6,6- 
dimethylheptanoic acid, thus obtained in 70% yield, was a pale yellow 
oil mth an unpleasant rancid smell, b.p. 143°/17 mm., 1.4375. 

Desulfurization of N-Benzylsaccharin.^^® A mixture of 1 g. of 
N-benzylsaccharin, 100 ml. of ethanol, and 15 ml. of W-4 Eaney nickel 
(10 weeks old) was heated at reflux, with stirring, over a 13-hour period. 
The reaction mixture was filtered through a layer of Celite and the collected 
catalyst was washed -with hot ethanol. After removal of the solvent under 
reduced pressure the crystalline residue was recrystallized from ethanol. 
The yield of colorless crystals, m.p. 96-99°, was 0.6 g. (78%). Three 
recrystallizations from ethanol gave pure benzylbenzamide, m.p. 
104.0-104.5°. 


TABULAR SURVEY 

Unless otherwise noted, desulfurization of each of the indicated struc- 
tures involves only replacement of sulfur by hydrogen. Compounds 
which contain more than one type of sulfur group ■will generally be found 
in the first table that would ordinarily describe one of the sulfur rmits. 
Eor example, a mercaptothiazole would be found among the thiols (Table 
I) instead of among the thiazoles. Location within each table is usually 
determined by whether the compound is aliphatic, aromatic, heterocyclic, 
carbohydrate, steroid, or a sulistance related to the steroids. In general, 
the entries are arranged by increasing carbon content, number of and size 
of rings, and in the order of increasing numbers of hetero atoms. 

In most cases, compounds of the same basic structure are listed under a 
general formula, e.g.. 



R, 


In the individual entries, the substituents only are listed so that any R 
group not named is hydrogen. 

Yields given in these tables represent products obtained in reasonably 
high purity as e^vident from melting point or boiling point data; in most 
cases, yields of crude products or products of questionable purity have 
been omitted. 

The literature available through February 1960 has been reviewed, and 
a number of more recent articles have been included. 
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Eaney Nickel Desulfdiuzation of Thioamides 

Product* Yield, % Beferences 
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TABLE IX — Continued 

UA.N 13 Y Nickel BESUU.i'UiuzATiON of Thiophenes and Thiazoles 
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cysteinyD-O-tetrabydropyranyl- 
L-tyrosyl-L-isoleucinate, 237 

Ethyl carbobenzyloxyglycyl-L-leucyl-D- 

tryptophanate, 262 

Ethyl carbobenzyloxyglycyl-L-phenyl- 

alanylglycinate, 212, 277 

Ethyl carbobenzyloxy-L-prolyl-i/-leucyl- 

glycinate, 204 

Ethyl dichlorophosphite, 275 
Ethyl ethinyl ether, 219-220 
Ethyl nitroacetate, 107, 118 
Ethyl a-nitrobutyrate, 131 

Ethyl phthaloylglycyl-p-aminobenzo- 

ate, 217 

Ethyl phthaloylglycylglycylglycinate, 

217 

Ethyl p-toluenesulfonylglycyl-DL-ala- 

ninate, 240 

Ethyl trifluoroacetylglycylglyeylglyoin- 

ate, 237 

Fluoroalkenes, toxicity, 30 
Fluorocyclobutanes, 3 
hydrolysis of gem fluorine atoms, 5-6 

Glyoxals, from phenacyl bromides, 115 

Hexa(trifluoromethyl)benzene, 22 
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Hippurylgl) erne, 285 
L-Hi5tid> I-L-Ieucine, 212 
4'Hj drOXy-6-metiii l-7'ph«Qylpyn<io- 
(2,3-<i)pj'rjmidiiie, i09 

Imid&zolonea fraro 0-&tnifio&(ylsalicoyl- 
amidea, 230 

Imtiifs from &iiii «cy?glU' 

tamie acid ucidei, 177-178 
1 ,3>IcidaiiediQti(a, coaveraion to printaiy 
Ditto compounds, 125 
I-Ind&QOne, 3S1 
Jsoai!i}l S-atthyl ztzttktte, iS 
liopropyletkylCDC, 89 

Ketonei {torn a'toaylaznino acid cblo* 
ridea, 16S 

McotheoeSi 88 

(~)*M«nth>l S«methyl zanlhatt, 79,81 
McthojiyiBethylckanodibydrosUycb* 
none dieih) Imcreapcol, 381 
Mrtbyl'l-butykarbu)}'] S^melbyl zan- 
thata, 88 

Methyl catbobentylozyglyeyl-udeucyl* 
L<Ieucmate, 277 

Methyl carbobeaeyl<Jzy-t*leuO'l*i'leu- 

cmete, 281 

a-Methylenecyclobutanecarbonimte. M 
Methyl tetra*(N*carboben*ylo*y)'t^ 
/ysyl-L-JyayJ'i.'Iyeaete, 204 

Nitrate estera, attack by bases, 125 
by-products in preparation ol ab- 
phatic aitro compound^ 1(8-108, 
109 

Nitrite eaters, reaction with abphalic 
nitro compounds, 110 
scavengers lor, 110, 115 
p-Nitrcbenayl hippurate, 3S7 
2-Nitrobutsne, 184 

Nitro compounds, alicyclie and ali- 
phatic, 101-166 

from eul/oaate esters, 112 , 

nitrosation by nitrite esters, 110 ^ 

Nitrocyclobutane, 185 I 

Nitiocyclohexane, 1 19 I 

Nitrocyclopentso®! 232 I 

a-Nitro esters, 107, 112, 124 ' 


4-NUroheptaiie, 131 
«-Kitroiaobutyromtrile. 113 
^Niti^i t-etones. US 
2-Ni»ro-2-met}iy)propace, 116-137, 133 

1- Kitrooctane. ISO, 131 

2- Ni(roocttne, 131 

p-Nttrophecyl carbobentyloxyglycinate, 
226 

pSitrotbiopheDy! CJrbobeoiyJoxygJy' 
cyl-L-phenylalanmate. 255 

3- Nitro-2,4.4-trimethylpentsne, 133 

Oclahydronaphchalenes, 24 
fl-Oclaoois and, 411 
Oleaoolie aldehyde ethyUnethioketal, 
385 

Olefins, addition of nitrogen oxides, 106 
preparation by pyrolysis of xaotbstes, 
67-100 

preparation by pyrolysis of acetates, 

I carbasatex or carbonates^ 85 

Paetotheice, 183, 201 
Peptide aystheeia with mixed anhy- 
drides. 157-355 

o-Phenylene chlorophospbite, 275 
bia-^beeyJfce pyrophosphite, 878 
o-PbeoylnitfOethace, 132 
Pbenyliutiomethane, 120, 130, 182, 134, 
136 

Pbosphoraso synthesis ol peptidee, 373 
Pbthaloylglycine anhydride, 191 
N-Phth»loylglycyldipheayUcetio acid 
p-to!uide, 816 

PbthaJoylglyeyJeJycicsaide, 327 
Phtbaloylglycylglycuie, 269 
Phimbagin, 369 

Potassium lA^UutrocycIopentanoae, 

335 

Raney cobalt, copper, and iron, 403 
Raney nictel, 408 
degassed, 409 
desetenization with, 358 
desulfuriaation with, 356-529 
use for quantitative determination of 
siilfur ta organic compounds, 302 
Reamngament, during (iJliugaov dehy- 
dration, 75-77 
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Rearrangement, of acyl peptides, 173 
of a-aminoacyl group from sulfur to 
nitrogen, 249 

of 0-aminoacylsalicylic acid amides, 
227-230 

of cyclobutanes to cyclohexanes, 20 
Rosenonolactone, 381 

Schwenk-Papa reduction, 358, 360, 400 
Silver nitrite, 130 
Smimov-Zamkor reaction, 17 
Spiro-(5-diphenylmethyl-l,3-oxatliio- 
lane-2,3'-cholestane), desulfuriza- 
tion, 411 

Streptobiosamine, 375 
o-Sulfobenzoic anhydride, 198 
Sulfur trioxide-dimethylformamide, 259 
Sulphoraphen, 399 

Tetraalkyl pyrophosphates, 266 
Tetraethyl pyrophosphite, 276 
5,5,6,6-Tetrafluorobicyclo[25.1]-2-hep- 
tene, 19 

l,l,2,2-Tetrafluoro-3,3,4,4-tetrachloro- 
cyclobutane, 31 


Thiadamantane, 372 

Thiophenyl carbobenzyloxy-/3-alaninate, 

254 

a-Tosylamino acid chlorides, conversion 
to aldehydes or ketones, 165 
Triaryl phosphites for preparation of 
a-acylamino acid phenyl esters, 
223-226 

Tricyclo[22.0.0]perfluoro6ctane, 22 
Triethyl phosphite, desulfurization with, 
406 

1.1.2- Trifluoro-2-chloro-3-(cyclohex-l- 

enyl) cyclobutane, 31 
Trifluoroperacetic acid, oxidation of 
oximes, 117-119 

reaction with aliphatic amines, 117 

2.2.3- Triphenylcyclobutanone, 32 
Triphenylnitromethane, 127 
Tropolone, 5 

Valyl AMP, 264 

Wolff-Kishner desulfurization, 406 
Yohimbone, 379 



